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Metallic iron has long been used in artificial media employed 
for the cultivation of various bacteria. Gottheil (1901) used 
traces of metallic iron in the cultivation of soil bacteria. Hall 
and Peterson (1924) showed that pieces of metallic iron were 
necessary for the blackening of brain medium by certain anaerobic 
organisms. 

Numerous iron salts have been used in the cultivation of many 
aerobic and anaerobic organisms. 

Hastings and McCoy (1932) reported on the use of reduced iron 
in milk employed for the cultivation of Clostridium sporogenes. 
This report suggested the possibility of using reduced iron in 
semi-solid or liquid media to promote the growth of anaerobic 
organisms. 

As a preliminary experiment finely divided iron filings were 
added to the following semi-synthetic salts medium (Scott, 
1930). 


Peptone 20 grams 
Diammonium hydrogen phosphate 0.6 grams 
Potassium bicarbonate . 0.5 grams 
Disodium hydrogen phosphate 2.7 grams 
Ferric ammonium citrate 0.2 grams 
Distilled water 1000 ce 


This medium was first prepared in the liquid form, and next in 
semi-solid form, by adding 1 gram of agar per 1000 cc. Sufficient 
1 Contribution No. 55 from the Department of Veterinary Medicine and No 


146 from the Department of Bacteriology, Kansas Agricultural Experiment 
Station. 
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0.4 per cent alcoholic solution of brom thymol blue, usually 12 ce. 
per 1000, was added to this medium to produce a grass green 
color. The iron filings were placed in the bottom of small test 
tubes, and the carbohydrate-free salts medium was then added. 
The medium was sterilized at 15 pounds pressure for forty-five 
minutes, and later 1 cc. of a 10 per cent solution of various carbo- 
drates was added. The fermentation reactions of C. chauvei, C. 
sporogenes and C. septicus were tested on this medium with 
negative results. 

Five hundred to 1000 mgm. of very finely powdered iron—iron 
reduced by the chemical action of hydrogen—was then used. 
After sterilization of the liquid and semi-solid media containing 
reduced iron, 1 ce. of 10 per cent solutions of glucose, glycerol, 
lactose, salicin and sucrose, respectively, were added, and the 
fermentation reactions of various anaerobic organisms were 
determined. 

Some spontaneous gas liberation occurred in tubes of sugar- 
free salt medium containing reduced iron, the amount of gas 
liberated in the tubes being greater with the larger amounts of 
reduced iron. 

Inoculation of the tubes used for the fermentation studies was 
made by adding 0.1 ec. of a twenty-four-hour brain culture of the 
anaerobe to be tested, and by the use of a platinum loopful ob- 
tained from the depths of the twenty-four-hour brain culture. 
One cubic centimeter of the carbohydrate test cultures was 
removed after twenty-four hours incubation, and if necessary 
again after four days incubation, and placed in the depressions of 
a porcelain spot plate. Two drops of an aqueous solution of brom 
thymol blue were added to each sample and the reaction deter- 
mined. 

The amount of growth produced in the fermentation tests was 
indicated by the cloudiness produced, by gas formation, and by 
the progressive decolorization of the indicator in the medium. 
Decolorization of brom thymol blue had no relationship to the 
production of acid. 

Table 1 shows a comparative test of the fermentation reactions 
of a number of anaerobic organisms, grown in semi-solid, reduced- 
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iron, salts test medium and in salts medium under vaseline 
seal. 

It is seen from table 1 that typical fermentation reactions were 
produced in the semi-solid reduced iron medium. In tests with 
C. chauvei, better fermentation reactions were obtained in the 
reduced iron medium than in the medium under seal. 

The general zone of oxidation-reduction potential as indicated 
by the reduction of methylene blue was studied by adding one 
drop (approximately 1:75,000) of Loeffler’s methylene blue to 
5 ec. of semi-solid and liquid salts sugar-free medium, and to semi- 





TABLE 1 
Fermentation reactions of anaerobic organisms in iron medium 
| GLUCOSE GLYCEROL LACTOSE SALICIN SUCROSE 
Iron | Seal Iron | Seal Iron | Seal Iron | Seal Iron Seal 

Cl. septicus | A.G A.G - AG AG AG AG 
Cl. chauvei 1 | A.G - ° ~ AG. | ag AG 
Cl. chauvei 2 ag a - ag . AG 
Cl. chauvei 3 |} A.G AG ~ ~ AG AG AG AG 
Cl. sporogenes A.G A.G *g ° ° ° . 
Cl. botulinum B AG AG ° ° ° ° ° ° ° ° 
Cl. botulinum C A.G A.G ° . ° ° ° ° . ° 
Cl. tertius A.G A.G _ - AG AG AG AG AG AG 


Cl. novyi AG ag AG AG ° 


A. acid production as shown on spot plate 
G. marked gas production 

a. slight acid formation as shown on plate 
g. slight gas formation 

— ho reaction 

* evidences of growth 


solid and liquid carbohydrate-free salts medium containing iron 
and under vaseline seal. 

A first series of tubes were colored with methylene blue before 
sterilization; these tubes were decolorized in the process of 
sterilization lasting for one hour at 15 pounds pressure. Twenty- 
four hours later the tubes under vaseline seal showed no blue 
coloration, and these tubes remained colorless throughout a period 
of three weeks. There was no difference noted between the sealed 
tubes containing iron and those which did not contain iron. In 
the case of the tubes of semi-solid and liquid salts medium which 
did not contain iron a deep blue color was noted after twenty- 
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four hours; this deep blue color throughout the tubes remained 
throughout the three week experimental period. 

Tubes containing semi-solid salts medium to which 500 to 1000 
mgm. reduced iron had been added were also colorless after sterili- 
zation; these tubes developed a 6 to 15 mm. layer of deep blue 
color at the surface, and this blue zone remained practically con- 
stant throughout the experiment. In the case of the tubes con- 
taining fluid semi-solid salts medium and iron, the decolorized 
tubes developed a greenish tinge near the surface, bluish lines 
spreading downward from this greenish layer. As the time of 
exposure to the air increased to two weeks the color deepened and 
at three weeks the tubes had a bluish green color except for a 
narrow decolorized zone above the reduced iron. 

Twelve to twenty-four-hour incubation of the media containing 
methylene blue produced no changes in the color of the tubes 
which did not contain iron, or of the tubes under vaseline seal. 
In the tubes containing semi-solid medium and iron the blue zone 
at the surface decreased in depth from 1 to3 mm. _ In the tubes 
containing liquid salts medium and iron the greenish blue color 
faded to a yellow green. 

A series of experiments was then made to determine if there 
might be an amount of reduced iron which would give the best 
results in fermentation studies. Amounts of 50, 100, 200, 500 and 
1000 mgm. reduced iron were added to tubes containing 5 and 10 
ec. of semi-solid salts medium to which 0.5 and 1 ee. of 10 per cent 
glucose had been added. These tubes were inoculated with 0.1 
ec. of twenty-four-hour cultures of C. chauvei, C. septicus, C. 
Welchii, C. Novyi, C. sporogenes and C. botulinum. It was 
found that except in the case of C. chauvei there was no appre- 
ciable difference in the amount of growth or acid production in any 
of the tests. In the case of C. chauvet gas production and acid 
formation developed in the tubes containing 100 and 200 mgm. 
reduced iron while in the tubes containing 50 and 1000 mgm. the 
amount of gas produced was very slight. 

No difference between the amount of growth or fermentation 
of any of the organisms used could be noted between the tubes 
containing 5 and 10 cc. of medium; it would therefore seem that 
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the amount of iron, and not the concentration, is the important 
factor in maintaining conditions suitable for anaerobic growth. 

The amount of reduction of methylene blue in tubes containing 
varying amounts of iron is shown in table 2, in which the depth of 
the blue zone showing unreduced methylene blue is used as an 
indictor of the activity of the reducing substance. 

The depth of the layer of blue color indicates the amount of 
methylene blue remaining, or the quantity not decolorized by 
reduced iron. It was found that the depth of unreduced methy!- 
ene blue eventually became the same whether 5 or 10 cc. of 


TABLE 2 
The reduction of methylene blue in iron media, as shown by the depth in millimeters 
of the blue layer at the top of each tube, following exposure to the air at room 


temperatures 


TIME AFTER | AMOUNT OF REDUCED IRON USED 
STERILIZATION — - —_ INTRO 
| 1000 mgm 500 mgm 200 mgm 100 mgm 50 mgm 

5 minutes | - 8 0 0 0 0 () 
18 hours 13 60 63 66 67 70+ 
25 hours 13 55 63 63 67 70 
41 hours 13 20 30 38 45 70 
8 days 16 19 20 23 24 70 
21 days 12 15 15 16 18 70 
* No blue color indicating complete decolorization of the dye. 

t Seventy millimeters indicates the depth of 10 ec. medium in the tubes used, 


and in the control tubes shows that there was no decolorization developing 


medium was placed above 50, 100, 200, or 1000 mgm. reduced 
iron; the total depth of medium for 5 ec. amounts was 35 mm., 
for 10 cc. amounts 70mm. The reduction of methylene blue in 
tubes to which the dye was added after sterilization was slower 
with 10 cc. amounts. In tubes in which the dye was decolorized 
by sterilization the oxidation of the surface layers was identical 
for both 5 and 10 ce. tubes. 

In table 2 it is seen that the larger amounts of iron cause a 
more rapid and more complete reduction of the dye. 

A test of the reduction of methylene blue in brain medium was 
made. It was found that, when the dye was added before sterili- 
zation, the supernatant fluid, decolorized during sterilization, 
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rapidly turned blue; the brain substance gradually turned blue 
toadepth of 15mm. If the dye was added after sterilization the 
supernatant fluid remained blue and the brain substance grad- 
ually decolorized till about 155 mm. of the upper portion remained 
blue. 

Six of the anaerobes C. sporogenes, C. tetani, C. septicus, C. 
chauvei, C. tertius and C. botulinum were grown in peptone water 
containing reduced iron. All organisms showed growth, as indi- 
cated by cloudiness and some gas formation. The cultures were 
tested for indol production after two and four days incubation, 
using Ehrlich’s test. It was found that C. sporogenes had pro- 
duced indol but that the other organisms failed to do so. 

These anaerobic organisms were also grown in Clark and Lubs’ 
medium containing 1000 and 200 mgm. reduced iron. 

The production of acetyl-methyl-carbinol was determined by 
the Voges-Proskauer test, Liefson’s modification. 

The cultures were also subjected to the methy! ved test after 
two and four day periods of incubation. 

All the organisms tested were found to be negative for acetyl- 
methyl-carbinol. Clostridium tertius and C. tetani were found to 
be methyl-red positive in Clark and Lubs’ medium and in Clark 
and Lubs’ medium containing 200 mgm. iron but negative for 
methyl red in the medium containing 1000 mgm. iron. 

The addition of reduced iron and iron filings to semi-solid salts 
medium, liquid salts medium, broth, peptone water or Clark and 
Lubs’ medium did not alter the pH of any of these media as indi- 
cated by brom thymol blue. 


SUMMARY 


1. The use of reduced iron provides a simple method of growing 
anaerobic organisms in semi-solid or liquid media without the use 
of other special anaerobic methods. 

2. The use of reduced iron in carbohydrate salts medium gave 
the typical fermentation reactions with all the anaerobes tested. 

3. Reduced iron produced an active reduction of methylene 
blue as contrasted to the passive inhibition of oxidation produced 
by a vaseline seal. 
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4. Clostridium sporogenes produced indol in peptone water con- 
taining reduced iron. 

5. Clostridium tertius and C, tetani were methyl-red positive in 
Clark and Lubs’ medium without iron and in Clark and Lubs’ 
medium containing 200 mgm. iron but methyl-red negative in 
this medium containing 1000 mgm. iron. 
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THE EFFECT OF THE REACTION OF THE MEDIUM ON 
THE CHARACTERISTICS OF BACTERIA 


I. GENERAL PRESENTATION OF THE PROBLEM, AND RESULTS 
OBTAINED WITH BACILLUS COLI-COMMUNIOR, SALMONELLA 
ENTERITIDIS AND PSEUDOMONAS PYOCYANEA 


ESTHER WAGNER STEARN anp ALLEN E. STEARN 


Division of Medical Bacteriology and of Physical Chemistry, University of M 


Columbia, Missouri 
Received for publication, September 13, 1932 


The control of the reaction of the medium as a factor in obtain- 
ing typical responses has been recognized in the study of many 
characteristics of microérganisms. The mechanisms whereby 
changes in characteristics, due to differences in reaction, are 
brought about is still obscure. Most of the recorded work takes 
into account only one, or at best a few, of the factors involved. 

As treated in this paper, the problem includes consideration 
of (a) buffer action of bacteria, (b) response to pH as shown by 
antigenic structure, (c) effect of pH on utilization of food sub- 
stances and on metabolic products, (d) the effect of pH on disso- 
ciation phenomena, and (e) the reaction of the medium as a 
factor in certain specific characters of bacteria. 

The pH limits of growth have been determined for many bac 
teria. In general it has been found that these limits vary for 
different strains. An excellent table of maximum, minimum and 
optimum values for growth of various bacterial species is given 
by Buchanan and Fulmer (1930). The limits of growth as well 
as the pH effect on growth rates have been found to depend on a 
number of factors, such as the character of the food supply, the 
temperature of incubation, adaptation to previous environment, 
etc. 
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BUFFER ACTION OF BACTERIA 


The amphoteric nature of bacteria has been established both 
by studies of their behavior toward dyes (Stearn and Stearn, 
1925) and by cataphoretic studies (Winslow, Falk and Caulfield, 
1923). A mixture of two ampholytes will itself have amphoteric 
properties (Stearn, 1926). Such a system differs from a pure 
ampholyte in that, in general, it shows its maximum buffering 
power at or near the isoelectric point of the mixture. The 
analogy of the bacterial cell to this type of system has been 
pointed out (Stearn and Stearn, 1928). Shaughnessy and Falk 
(1923 and 1924) found that B. coli exhibits buffering action 
passing through a maximum about pH 6.5. The pH 5.5 had 
been reported by Stearn and Stearn (1925) as the isoelectric 
point of this organism. 

Apparently living bacteria have two buffering mechanisms. 
Shaughnessy and Winslow (1927) found that, in solutions more 
alkaline than the reaction of optimum viability, B. coli liberates 
acidic substances, while in solutions more acid than this reaction 
the organism liberates alkaline substances. 

There have been a number of reports of a final limiting pH 
produced by growing cultures, which was originally thought to 
be characteristic of the culture and regarded as a “physiological 
constant” of the organism (Michaelis and Marcora, 1912; Clark, 
1915; Ayers, 1916; et al.). It was later realized that the factors 
controlling this final pH are numerous. It depends, according 
to Shunk and Wolf (1921), not only on the kind of organism, 
but also on (a) initial reaction of medium, (6) kind and concen- 
tration of acid or buffer used in adjusting the reaction of the 
medium, (c) kind and concentration of fermentable carbohydrate, 
(d) food accessories, and (e) physical state of the medium. 


EFFECT OF THE REACTION OF THE MEDIUM ON THE FORMATION 
OF CERTAIN ANTIGENS, AND ON THE AGGLUTINABILITY OF 
ORGANISMS 


A summary of the literature on this subject is given in table 1. 
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TABLE 1 
A. Antigen formation 


+ indicates that the specified reaction favors development of the antigen 
noted while — indicates retardation of its formation. 


ORGANISM ; = BBAGTION AUTHOR 
Acid Neutral Alkaline 
B. proteus — (H-antigen | + (H-antigen) | Schiff and 
of O-form); Nathorff 
— (H-antigen (1920) 
of H-form on 
| | neutral agar 
containing 
| sugar) 
B. proteus | — (H-antigen) + (H-antigen) | Olitzki (1929) 
HX 
B._ enteri- | + (H-antigen) Olitzki (1929) 
tidis | 
B. paraty- + (H-antigen) Olitzki (1929) 
phosus B 
B. tepheous | + (H-antigen) | — (H-antigen) | — (H-antigen) | Olitzki 1929 
+ (H-antigen) | Felix (1924) 
B. aertrycke | — (X-antigen) | + (X-antigen) | Happold (1929) 
(pH 5.0 to 


5.5) 


B. Mucous wall phenomenon 


According to Olitzki (1929) the wall phenomenon of the paratyphoid group is 
dependent on the O-antigen and is an endoplasmic appearance which is suppressed 
by the presence of the H-substance. 


ORGANISM ACID REACTION ALKALINE REACTION AUTHOR 


B. enteritidis (Bres- | + (in presence of | Elkeles (1925-26) 


lau) | NaCl) 
B. paratyphosus B | — (if below pH | Hohn and Becker 
| 5.9) | (1927) 
B. paratyphosus B + (in presence of | Knorr and Braun 
lactates) (1928) 
B. enteritidis + (in presence of | Knorr and Braun 
lactates) (1928) 
B. paratyphosus B | + Brinck (1927) 
B. enteritidis + (in extreme | + (in extreme | Olitzki (1929) 
acidity) alkalinity) 
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TABLE 1—Concluded 
C. Agglutinability 


+, increased agglutinability on culturing in media of specified reaction; * 


’ 





unchanged agglutinability on culturing in media of specified reaction; —, de- 
creased agglutinability on culturing in media of specified reaction. 
| ac 
ORGANISM | REACTION ALKALINE REACTION | AUTHOR 
| - (2 strains); | Kirstein (1904) 
| * (4 strains) 
B. typhosus ° | Hirschbruch (1906) 
— (9 out of 10 | Riemer (1913) 
strains) 
B. paratyphosus A — | Riemer (1913) 
B. paratyphosus B ;° Riemer (1913) 
B. typhosus + | Capone (1919) 
B. paratyphosus aa | - | Capone (1919) 
B. dysenteriae + - Capone (1919) 
B. dysenteriae Flexner - |+ | Olitzki (1929) 
B. dysenteriae Shiga — + | Olitzki (1929) 
B. proteus - | Schiff and Nathorff 


(1920) 


EFFECT ON METABOLISM 
a. General 

In 1895 Blumenthal reported that the quantity of metabolic 
products of bacteria depends on the alkalinity of the medium, 
while the intensity of the decomposition is only slightly, if at all, 
affected by the addition of alkali. Lazarus (1909) concluded that 
the reaction of the medium modifies the availability of the 
nutrient material, and Bunker (1917) pointed out that the 
metabolic products of B. diphtheriae are influenced more signifi- 
‘antly by pH than by titratable acidity. 

Cole and Lloyd (1917) found that the importance of reaction 
depends to a large degree on the composition of the medium. 
In simple media it is of great importance. The actual optimum 
reaction may be a mean between the optimum for enzyme action 
and for synthesis, and may change as growth proceeds. 

Alteration in pH frequently changes entirely the nature of the 
predominant reaction products (Wyeth, 1919; Wolf, 1920; 
Brooks, 1922; Virtanen and Birlund, 1926; Arzberger, Peterson 
and Fred, 1920). 
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b. Effect on enzyme action 
Table 2 gives a survey of results reported on this point. In 
our present state of knowledge it would be difficult completely 
to explain the general effect of the reaction of the medium on 
TABLE 2 
PH effect on enzyme action 


OPTIMUM 


ENZYME ORGANISM REACTION MATERIAL ACTED AUTHOR 
pH UPON 
B. prodigiosus 7.2 Mever (1911) 
Protease Ps. pyocyanea 7.2 Spitzer and Parfitt 
(1930) 
Protease, B. ichythyos- | 6.0-8.0 | Skimmed Spitzer and Parfitt 
trypsin and mius milk and (1930) 
erepsin gelatin 
B. subtilis 6.0-7.0 | Peptone and | Dernby (1921) 
—— oo B. pyocyaneus 6 0 7 0 gelatin Dernby (1921) 
: B. proteus 60-7 0 Dernby (1921) 
(extracel- {| 3B prodigiosus | 6.0-7.0 Dernby (1921) 
lular) : > ai , ’, 
B. sporogenes 6 0-7.0 Dernby (1921) 
B. histolyticus 6.0-7.0 Dernby (1921) 
Peptonase and); Pneumococcus | 7.0-7.8 Avery and Cullen 
protease (1920) 
Invertase Pneumococcus 7.0 Avery and Cullen 
(1920) 
Amylase Pneumococcus Avery and Cullen 
(1920) 
Tryptic-like B. tuberculosis | Alkaline | Protein Corper and Sweany 
enzyme (1918) 
Erepsin-like B. tuberculosis | Acid Peptone Corper and Sweany 
enzyme (1918) 
Pepsin-like B. tuberculosis | Acid Proteins Corper and Sweany 
enzyme (1918) 
Proteolytic B. proteus Alkaline Jones (1916 and 1920) 
enzyme 
Gelatinase B. proteus 8.0-9.0 Merrill and Clark 
(1928) 


bacterial metabolism from the point of view of the specific effect 
on enzyme activity, however attractive such an explanation may 
appear. 


THE REACTION OF THE MEDIUM AS A FACTOR IN DISSOCIATION 
PHENOMENA 
Reported results are summarized in table 3. 
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THE REACTION OF THE MEDIA AS A FACTOR IN CERTAIN SPECIFIC 
CHARACTERS OF BACTERIA 


a. Morphology 


Morphological observations are summarized in table 4. 


TABLE 4 
ORGANISM ACID MEDIUM ALKALINE MEDIUM AUTHOR 
Filamentous Schmidt (1892) 
\| Oval forms Long rods Escherich and 
, }] Pfaundler (1903 
B. coli Cl 
. | Short forms Adami, Abbott and 
| | Nicholson (1899 
|| Widely pleomorphic Hort (1917) 
B. typhosus Widely pleomorphic Hort (1917) 
Large, irregular, | Minute, solidstain-| Bunker (1917) 
solid staining ing triangle forms 


of D2 type 
B. diphtheriae {| Small, irregular | Minute triangle | Laybourn (1921 


| with few granules forms with few or 

no granules 

\} | Coccoid forms Yarisawa (1926) 
Enterococcus | Streptococcus | Tetrads Thiercelin and Jou- 

| forms haud (1903) 
Anaerobic bacilli | Giant forms Hibler (1908) 
B. influenzae | Long filaments, | Similar to acid | Reed and Orr (1923 

| eoceus, or variety) forms but thicker, 

of irregular forms more waxy and 

(pH 6.5 and/_ irregular in stain- 


and above) 


| below) ing (pH 8 to 8.5 
| Thick, non-granu-| Thin, granular and | Gieszezkyiewisz 


B. tuberculosis 


| lar and short very long and Wroblewski 
(1927) 

B. bifidus | Pleomorphic Adam (1921) 

Vibrio comma | Pleomorphic at extreme pH limits Reed (1924) 





b. Behavior toward dyes 


The influence of pH both on staining reactions and on bacterio- 
stasis has been extensively studied by Stearn and Stearn as well 
as by Churchman (1922), Burke (1922), Burke and Ashenfelter 
(1926), and others. This behavior has been discussed in detail 
by Stearn and Stearn (1928). 
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c. Motility 


Table 5 summarizes observations on the effect of pH on 
motility. 
TABLE 5 


+ denotes increased motility; — denotes decreased motility 
ORGANISM ACID REACTION ALEALINE REACTION AUTHOR 
B. prodigiosus + Schottelius and 
Wasserzug (1896) 
B. dysenteriae oe Miihlmann (1909) 
B. typhosus — (below pH 6 | — (above pH 8.0 to | Reed and MacLeod 
to 4.5) 9.0) (1924) 
Ps. pyocyanea | — (below pH6 | — (above pH 8, | Reed and MacLeod 
to 4.5) slight motility to (1924) 
pH 10) 
B. paratyphosus B_ | — (pH 7.8 to 8 on | Knorr and Braun 
| media contain- (1928) 


ing lactates) 
(loss of flagella) 
B. enteritidis | — (pH 7.8 to 8 on | Knorr and Braun 
media contain- | (1928) 
ing lactates) 
(loss of flagella) 
Paratyphoid bacilli Non-motile at ex- | Olitzki (1929) 
treme alkalinity 


d. Spore formation 


Table 6 summarizes the reports of observations on the effect 
of the reaction of the medium on spore formation. 


e. Chromogenicity 


The effect of the reaction of the medium on chromogenicity 
of B. mallei was noted by Smith (1890), on that of Ps. pyocyanea 
by Sullivan (1905), on that of B. luteus by Garbowski (1907), 
and on that of B. prodigiosus by Amako (1930). 


f. Luminescence 


B. giardi (Kruse) produces light when grown on peptone media 
made up with sea water when the pH is about 8.1. If the pH is 
not proper there will be no luminescence (Inman, 1927). Lumi- 
nescent bacteria grow and luminesce best on alkaline media, pH 
8 (Hill and Shoup, 1929). 
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q. Fluorescence 


Georgia and Poe (1932) found the best pigment production by 
Ps. fluorescens or closely allied species in 0.5 per cent peptone 
broth at pH’s between 6.8 and 7.3. Its development was retarded 
at pH 6.1 to 6.5 but appeared by the third day of incubation. 


TABLE 6 


Showing the influence of reaction on spore formation 


REACTION, 
ORGANISM REACTION, FAVORABLE INHIBITORY AUTHOR 
Butyric acid | Alkaline Grassberger and 
bacillus Schattenfroh (1900) 
B. Welchii Acid Noguchi (1907) 
B. Welchii From 6.8 to alkaline | More acid | Torrey, Kahn, and 
limits of growth than pH Salinger (1930) 
6.6 
B, luteus—sporo-| Alkaline Acid Garbowski (1907) 
genes 
B. amylobacter Alkaline Bredeman (1909) 
B. subtilis pH 5 to 10 Itano and Neill (1919) 
Cl. botulinum Neutral or slightly | Below 6.0 Leifson (1931) 
| acid, optimum about 
pH 6.2 
Cl. tetani Neutral or = slightly Leifson (1931) 
acid; optimum about 
pH6.2 
B. vulgatus Neutral or = slightly 8-8 4 Leifson (1931) 
| acid; optimum about 
pH 6.2 
B. circulans | Neutral or slightly Leifson (1931) 
| acid; optimum about 
pH 6.2 


h. Viscosity of organisms 


Marked increases in viscosity occur in pH zones 3 to 4 and 
13 to 13.5, where bacteria show acid and alkali agglutination 
markedly (Falk and Harrison, 1926). Nungester (1929) found 
that agar at pH 7 was unfavorable for the development of the 
mucoid property of Rm and Sm types of B. anthracis. Agar of 
pH 7.8 was favorable. 
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i. Virulence 
Petroff (1929) noted loss of virulence when the tubercle bacillus 
was cultured on veal broth with an acid reaction. Amoss (1925) 
grew an avirulent strain of type I pneumocoecus by plating 
cultures from a single cell which had grown on repeated transfers 
in beef infusion broth at pH 6.8. Felton and Dougherty (1924) 
found that pneumococci lost their virulence “in direct proportion 

to the acidity of the culture media.” 


j. Production of toxin 


Table 7 indicates that toxin production in the cases of the 
organisms studied is greatest in alkaline media. 


TABLE 7 





| i 

| 

ORGANISM REACTION FAVORABLE FOR AUTHOR 
TOXIN PRODUCTION 





B. botulinus Alkaline Van Ermengen (1897) 
; Alkaline Dickson (1915) 
B. tetanus pH 8 (initial) Dernby and _ Allander 
(1921) 
pH 7.8 to 8.2 (final) Bunker (1919) 
Alkaline (if not above pH | Heeren (1930) 


pH 7.1 and above Hazen and Heller (1932) 
pH 7.5 to 8.9 Hartley and Hartley (1922 
B. dysenteriae Shiga | pH 7.5 (for 24 hours) Jonesco-Mihaesti and 
Popesco (1922 


B. diphtheriae 8.3) 
\ 











EXPERIMENTAL 


Two methods were employed to test the effect of the reaction 
of the medium on bacterial behavior. One was based on Quirk’s 
technic (1931) in which three factors, dilution before and after 
the young growth period, the age of the culture, and the pH of the 
medium were controlled. Young cultures were used. Unbuff- 
ered beef infusion broth and 1.5 per cent agar were employed. 
Beef extract broth and agar were found to give results similar to 
those obtained with the above named media. 

The media were adjusted to desired pH’s before sterilization. 
After incubating for twenty-four and forty-eight hours, these 
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values were determined electrometrically. Little change in pH 
of the unbuffered broth was noted thereafter, for in tubes of 
broth kept at room temperature for eight days the greatest 
change noted was 0.1 pH. 

The second method consisted of continued subculturing over 
an extended period of time in M/15 phosphate-buffered beef 
infusion broth, transplanting to agar plates at intervals. 


Cultures 


The organisms used for this study were: Bacillus coli-communior, 
Salmonella enteritidis and Pseudomonas pyocyanea, obtained from 
the Northwestern University Medical School, and Bacillus sub- 
tilis and Bacillus cereus, obtained from the American Type Cul- 
ture Collection. The work on the last two organisms will be 
reported in succeeding papers. 

Before starting the experimental work the organisms were 
planted to neutral nutrient broth, incubated for a few hours and 
streaked to agar plates. From these a colony was selected, 
planted again in broth, and the process repeated until both the 
appearance of the broth and microscopic examination of the 
plates and smears gave assurance of rapid growth and homo- 
geneity of the culture. 

Experiment 1 (changes produced by varying pH of medium). 
Fifteen-hour agar cultures were transferred to unbuffered beef 
infusion broth adjusted to pH’s ranging from 5.15 to 8.2. The 
tubes were allowed to stand for one-half hour at room tempera- 
ture, after which one loopful from each tube was transferred to 
another tube of corresponding pH. This second series of tubes 
was allowed to remain at room temperature for eighteen to 
twenty-four hours, after which two transfers, as in the first 
series, were again made. Since often no growth was obtained 
if transfer to agar was made at once, the last tubes were allowed 
to stand at room temperature for eighteen to twenty-four hours. 
From these tubes 1.5 per cent infusion agar plates were streaked, 
or a transfer was made to agar tubes of corresponding pH’s for 
poured plate examination. These were incubated at room 
temperature. 
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Results with Bacillus coli-communior 
a. Appearance of colony: 


pH range Colony appearance 
5.15-5.60 Metallic, opaque, compact, granular (fig. 1), the thin wall sur- 
rounding the colony is iridescent; some rugose with secondary 
colonies (fig. 2) 


5.8 -6.1 Intermediate forms (fig. 3) 
6.1 -7.6 Familiar form, glistening, moist, easily removed (fig. 4) 
7.8 -8.4 Thin, with spreading grape-leaf structure, viscid, irregular 


Above pH 7.1 the colonies become increasingly irregular in 
shape and more spreading. At pH 8.2 to 8.4 they are very thin 
and translucent (fig. 5). Any of the above described colonies, 
except those from the tubes at pH 8.2 to 8.4, when transferred 
to neutral broth gave the same type of growth. The 8.2 colonies 
gave a viscous, stringy growth. 


b. Appearance of broth cultures: 


pH range Culture appearance 

5.15-5.80 Granular sedimentary growth; easily dispersed sediment; 
pellicle forms within three to seven days 

5. 95-6 .6 Cloudy, compact sediment; time for pellicle formation varies 
from twenty-six to forty-eight hours 

6.6 -7.9 Turbid, flaky sediment; pellicle formation after twenty-four 
hours 

8.2 -8.4 Cloudy, with gelatinous stringy growth and sediment; no 


pellicle forms within nine days 


If the tubes at the lower pH’s are allowed to stand for a 
week at room temperature their appearance in general tends to 
approach that of tubes at higher pH’s. None, however, give the 
stringy growth obtained at the upper pH limits, 8.2 to 8.4, even 
after standing. 


c. Appearance of agar slants (fig. 6): 


pH A ppearance 

5.2 Metallic, mealy, opaque, moist, with slight iridescence at the edges 
of growth at the bottom of the tube 

6.0 Intermediate 

7.0 Glistening, grayish-yellow, smooth 


8.4 Glistening, yellowish-white, smooth, translucent, lobate 
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d. Appearance of suspensions in physiological salt solution. 
Growth of the organism from twenty-four hour agar cultures at 
the pH’s designated gave the following results when emulsified 
in 0.85 per cent sodium chloride solution. Through the pH range, 
5.15 to 5.8, the organism formed granular and flaky suspensions. 
Through the range, 6.0 to 8.0, homogeneous suspensions were 
formed. 

e. Morphology. The following results were obtained from 
eighteen-to twenty-four hour broth cultures. 


pH range Description 
5.15-5.60 Variation in size and shape from coccoid to very long rods; 
chains and clumps of organisms quite common 
5.9 -7.4 Normal size; short and plump rods which appear singly 
7.6 -8.4 Varying from coccoid to long rods 


On agar, below pH 6 and above pH 7.8 the size varies from 
very short to long rods, though not as markedly as in broth. 

f. Motility. At and below pH 5.6, motility is often absent, 
and non-motile chains and clumps are seen if broth cultures rang- 
ing from 5.15 to 5.6 in pH are observed during incubation periods 
of sixteen to thirty hours at room temperature. At all pH’s 
from 5.7 to 8.0 motility was observed during that period. The 
motility seemed greatest in sixteen- and thirty-hour cultures at 
pH’s of 7.8 and 7.9. 

On agar slants kept at 37°, motility was observed at pH’s 
ranging from 5.4 to 8.0. At room temperature the agar culture 
at pH 5.6 showed no motility. When transferred to neutral 
broth tubes all strains showed motility, though those from 
tubes of pH below 5.6 had many non-motile forms. 

g. Cultural characters. In this study cultyres at pH’s 5.5, 
6.8 and 8.0 were used. Needle transfers were made into the 
culture media from twelve-hour broth cultures, eight-hour and 
twenty-four hour agar cultures, and all were incubated at 37°C. 

No differences were noted, with one exception, in the fermen- 
tation of glucose, maltose, lactose, sucrose and mannitol, acid 
and gas being formed. In the strain at pH 5.5 gas production 
was delayed, being negligible and sometimes entirely absent in 
maltose broth even when incubated for ninety-six hours. 








22 ESTHER WAGNER STEARN AND ALLEN E. STEARN 


Using 0.2 per cent soluble starch in broth, a test for erythro- 
dextrin was obtained in the cases of cultures at pH’s 6.8 and 8.0, 
but no test was obtained from the pH 5.5 culture during an 
eleven-day incubation period at 37°. 

Gelatin was not liquified. 

No differences were observed in the growth on potato slants. 


Results with Salmonella enteritidis 


a. Appearance of colony: 


pH range Colony appearance 

5.15-6.0 Oqaque, discrete, granular, iridescent, with raised centers which 
flatten and appear lysed and in which secondary colonies form 
(fig. 7), with toothed margins 

6.1 -6.3 Circular, glistening, white, moist, smooth and entire (fig. 8) 

6.3 -7.6 Normal translucent colony form (fig. 7) 

7.8 -8.4 Very thin, spreading, irregular, translucent, viscid (fig. 10) 

8.2 -8.4 Very thin, translucent and spreading 


Agar cultures transferred to broth all appear the same, except 
that the cultures at the extreme pH limits give granular sediments. 

b. Appearance of broth cultures (twenty-four to thirty hours at 
room temperature) : 


pH range Appearance 
5.15-5.40 Finely granular sediment; broth becomes clear 
5.45-5.8 Granular and some flocculating sediment; a thin pellicle may 
form after forty-eight hours 
5.95-8.0 Turbid, with thin pellicle and sediment 
8.2 -8.4 Turbid, with gelatinous sediment, no pellicle, but a small ring 
forms 


c. Agar slants: 


pH range Description 
5.2 Metallic, dull, echinulate (fig. 11) 
6.0 Intermediate 
7.0 and 8.4 Smooth, glistening, undulate, surrounded by a thin wall 
(fig. 12) 


d. Suspensions of agar slant cultures in physiological salt. The 
cultures at pH 5.15 to 5.6 gave granular suspensions. These, 
however, when once dispersed, did not flocculate. 

The cultures through the pH range 5.8 to 8.0 gave homogene- 
ous suspensions. 





we 
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e. Morphology. Broth cultures in the pH range 5.15 to 5.6 
show, during the first twenty-four hour incubation period, chains 
and clumps. The organisms vary greatly in size from coccoid 
forms to long curved rods. Agar cultures in the same pH range 
give organisms similar in size to these, and staining deeply with 
safranin. At pH’s 5.6 to 7.0 in both broth and agar cultures the 
organisms are generally short and fat with marked bipolar stain- 
ing. In the pH range 7.0 to 8.4 there is an increasing tendency 
to form evenly-staining and longer, more slender rods, which also 
tend to be Gram amphophyle. 

f. Motility (sixteen to thirty hours at room temperature). Broth 
cultures below pH 6 show decided loss of motility. Occasionally 
a few motile cells are seen. When subcultured to neutral broth, 
motility is regained. From pH 6 to 8 the broth cultures are 
motile. Agar cultures at corresponding pH’s give results similar 
to the broth cultures except that subcultures from agar at pH’s 
7.8 to 8.0 to neutral broth remain non-motile. 

g. Cultural characters. The method of study here was the 
same as in the case of the B. coli-communior. 

Four cultures at pH’s 5.5, 6.8, 7.3 and 8.0 all gave the same 
results in this study which were as follows: 

Acid and gas were produced from glucose, maltose and man- 
nitol, but there was no fermentation of lactose or sucrose. 

Gelatin was not liquified. 

The culture at pH 5.5 did not hydrolyze starch, but erythro- 
dextrin was produced by the other cultures. 

No differences were observed on potato slants—-the growth 
being abundant, moist and yellowish-brown. 


Results with Pseudomonas pyocyanea 


a. Appearance of colony: 

pH range Description 

5.15-5.6 Metallic, opaque, granular, moist, with purple and green irides- 
cence but no green pigment, lytic area but no secondary colony 
formation 

5.8 -6.0 Intermediate forms showing plaques of green pigment and diffu- 
sion into agar 

6.1 -7.9 Large, spreading, glistening, with translucent edge and diffusion 
of green pigment 

8.0 -8.2 Very thin, translucent, spreading, with deep green pigment 
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All the agar cultures when transferred to neutral broth gave the 
same kind of growth. 


b. Appearance of broth cultures: 


pH range Description 

5.15-5.60 Cloudy and somewhat granular, sedimentary, with surface 
flakes, remaining colorless during six days at room tempera- 
ture 

5.7 -6.6 Cloudy, pale green at top, pellicle within twenty-six hours. 


(Tubes at pH as high as 6.13 did not form green pigment 
though kept for two weeks. At the end of this period they 
were very alkaline) 
6.8 -8.2 Markedly turbid and deep green, with thick pellicle and heavy 
viscous sediment 
If broth cultures in the pH range 5.15 to 5.60 are streaked 
to neutral agar the colonies have raised metallic or white cen- 
ters with spreading edges. No pigment is formed during incu- 
bation for a week to ten days. 


c. Agar slants: 


pH Deacription 
§.2 Grayish-white or metallic, slightly raised irregular margins, 
purple-green fluorescence but no green pigment diffusing 
into the medium 
6.0 Intermediate, with decided fluorescence but negligible pig- 
ment formation 
7.0 and 8.4 Usual even yellowish layer, confluent and glistening, with 


the medium turning green 


d. Suspension in physiological salt. The cultures at pH 5.2 
to 5.8 give granular and flaky suspensions which, if once dis- 
persed, do not flocculate. 

Those at pH 6.0 to 8.0 give homogeneous suspensions. The 
alkaline strains flocculate in physiological salt. 

e. Morphology. In twenty-hour broth cultures at pH’s 5.15 to 
6.0, chains and clumps form. The rods vary greatly in size 
appearing about twice the normal diameter and as long as two 
or three normal rods. They stain deeply with safranin. In the 
pH range 6.0 to 7.6 one finds slender, delicate rods. When agar 
cultures are examined, those below pH 6 show the same increase 
in size noted above. After transfer to neutral media no morpho- 
logical differences are observed. 
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f. Motility. At pH’s 5.15, 5.38 and 5.45 broth cultures show 
either no motility or only a few motile organisms during a twenty- 
hour incubation period. Subsequently, apparently when some 
adjustment of the reaction has taken place, the cultures show 
distinct motility. During the first twenty-four hours agar cul- 
tures show no motility up to pH 5.6. When transplanted to 
neutral broth these cultures show a large percentage of motile 
organisms. All the cultures when so treated showed good 
motility even up to pH 8. 

g. Cultural characters. Using the same methods as in the 
cases of the other organisms the following results were noted: 

All of the cultures (pH’s 5.4, 5.5, 6.8, 7.3 and 8.4) produced a 
small amount of acid from glucose, but maltose, lactose, sucrose 
and mannitol were not attacked. Starch was not hydrolyzed. 
Gelatin was liquified more rapidly by the cultures at pH 7.3 and 
8.4, the fluid becoming green in all of them. Growth on potato 
slants was luxuriant, with the formation of a brownish pigment. 

Experiment 2 (a study of the degree of permanence of changes 
produced by prolonged cultivation at different pH values). 
Starting with the same original culture of B. coli and B. enteri- 
tidis, transplants were made every twenty-four hours from one 
buffered infusion-broth tube to another of the same pH. ‘The 
broth was buffered by means of phosphate mixtures of total 
phosphate concentration M/15. Thirty-six consecutive trans- 
fers were made. The study was limited to the pH’s 5.6 to 5.8, 
6.8 to 7.0 and 7.8 to 8.0. The culture obtained from broth kept 
at pH 5.6 to 5.8 will be hereafter referred to as the acid strain, 
the one from the 6.8 to 7.0 tubes, as the neutral strain and the 
other as the alkaline strain. In all cases incubation was at 37°C 

Changes observed in the broth cultures and agar plates dupli- 
‘ated those reported under experiment 1, and are therefore 
not again described. Those reported below are for cultures after 
36 transplants. 


Results with Bacillus coli-communior 


All three strains, i.e. the acid, the neutral and the alkaline, 
produce the same colony type when streaked to neutral agar. 
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In neutral broth the alkaline strain shows a greater tendency to 
form flakes, and early pellicle formation, but otherwise the 
strains appear alike. Motility and morphology are the same on 
neutral media. Physiological salt suspensions of twenty-four- 
hour neutral agar cultures are homogeneous for the acid and 
neutral strains, the alkaline strain flocculating during twenty- 
four hours. 

Staining and sensitivity to gentian violet. Broth cultures were 
streaked to neutral agar, twenty-four and forty-eight-hour cul- 
tures being used. When the three strains are smeared on the 
same slide and stained by the Gram technic the acid strain always 

TABLE 8 


Sensitivity to gentian violet in beef extract broth 





| 
| ACID STRAIN | NEUTRAL STRAIN ALKALINE STRAIN 
DYE |— | —- = 
DILUTION pH 5.2 ; pH 62 | pH 7.7 pH 5.2 | pH 62) pH7.7 | pH 5.2 | pH 62 | pH 7.7 
| 


| | | | 


1:10,000; + | — - - - -{|-]|-]|- 
1:20,000} + | —- - | + - - = “ 
1:40 ,000 * | + —- | + + | —- | + | & | = 


Sensitivity to gentian violet on 2 per cent meat infusion agar plates 


DYE DILUTION | ACID STRAIN | NEUTRAL STRAIN ALKALINE STRAIN 
1: 8,750 | + + - 
1:17,500 + + ‘ 

| 
1:50,000 - + + 


stains most deeply with safranin. This led to an investigation 
of isoelectric ranges. The method of Tolstoouhov (1929) was 
used. The acid strain was pink at pH 3.3 and blue at 3.7; the 
neutral and alkaline strains were pink at pH 2.7 and blue at pH 
3.0, showing a distinct shift in the isoelectric range. 

The change in sensitivity to gentian violet was studied by 
inoculating one loopful of broth cultures into buffered gentian 
violet broth, or streaking to plates. Table 8 gives results from 
twenty- to twenty-four-hour cultures. 

Any changes in sensitivity noted were at once lost when the 
organisms were first transplanted to neutral media and then 
inoculated into the gentian violet media. 
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Results with Salmonella enteritidis 


All three strains when transferred to neutral agar produce the 
same colony type, but that from the alkaline strain is more 
spreading and translucent. In neutral broth all three strains 
appear about the same but the alkaline strain is more flocculent. 
Motility in the acid and alkaline strains is not restored on the 
first subculture to neutral media. All three give homogeneous 
suspensions in physiological salt solution. 

Staining and sensitivity to gentian violet. If smears of the three 
strains are made on the same slide and stained by the Gram 
technic, the acid strain stains deeply with safranin, the neutral 
strain less so, while the alkaline strain is Gram amphophyle. 
In determining the isoelectric ranges of the strains it was noted 
that the acid strain was pink at pH 1.8 and blue at pH 4.3, while 
the other two strains were violet at pH 3.0 and blue at pH 4.3. 

To test for changes in sensitivity to gentian violet, the same 
procedure as in the case of the B. coli was followed. In the 
range of dye dilutions studied, the broth cultures showed no 
differences in sensitivity. On agar, the differences in the dye 
dilutions studied (1:100,000 to 1:1,000,000) were negligible, and 
disappeared if a slightly older culture was used or if the strains 
were first transplanted to neutral broth. 

DISCUSSION 

As pointed out by Kligler (1917) peptone has two precipitating 
zones. The acid precipitate, formed between pH 5.0 and 5.4, 
is organic, and when redissolved gives reactions characteristic of 
peptones and proteoses. The alkaline precipitate, formed be- 
tween pH’s 8.2 and 9.0, appears to consist largely of phosphates 
with some organic constituents. The concentration of available 
food in the present study is thus seen to vary, especially at the 
pH limits covered. The precipitate formed in broth during its 
preparation was removed in most of these studies. 

Another factor should be pointed out. In 1917 Redfield 
noted that the acidity of the agar, before being used in the prep- 
aration of media, was inversely proportional to its jelly strength. 
He stated that the appearance of colonies was in no way affected 
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by the jelly strength of the agar media for the four substances 
tested. 

Nungester (1929) observed that differences of 10 units in 
hardness of nutrient agar affected the colony form of the Rs 
type of B. anthracis. 

Agar, at pH’s below 6, is decidedly less hard than it is at higher 
pH’s. In interpreting the results here presented these factors 
must be taken into consideration. It may be that iridescence of 
colonies, observed in at least six different organisms, may depend 
not only on the degree of acidity but also on the hardness of the 
agar. 

Since, in a final paper of this series, certain theoretical con- 
siderations will be presented with a general discussion not only of 
these results but also of analogous ones obtained with other 
organisms, it seems expedient to limit the present discussion to a 
few comments. 

Various strains of B. coli, for example, have been reported as 
possessing different pH growth limits. Reference to the table 
of results given by Buchanan and Fulmer (1930) reveals varia- 
tions in the lower pH limit of growth ranging from 4.3 to 5.0, 
and in the upper limit from 7.8 to 9.6. Several optimum ranges 
of growth are given in the literature for various strains of this 
organism which have been studied, as, for example, 5.2 to 8.42, 
6.0 to 7.0, 5.7 to 7.0. The same table reveals that two strains of 
Pseudomonas. pyocyanea show differences in their pH growth 
range, the one being reported as having the range 5.6 to 7.0, and 
the other the range 4.4 to 8.8. 

Divergences such as these must be taken into account before 
generalizations can be made as to the effect of pH on bacterial 
characters. Not only does the pH range of growth depend on 
environmental factors but also on the constitution of the organ- 
ism as determined by its previous history. The pH at which 
differences in cultural appearance are observed is thus not likely 
to be a fixed one for any given type. 

The organisms used in this study grew readily through the 
specified pH range. The changes observed cannot be dismissed 
as due to retarded growth. 
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SUMMARY 


1. The appearance of growth of Bacillus coli-communior 
Salmonella enteritidis and Pseudomonas pyocyanea, in broth and 
on agar is decidedly different at different pH’s. 

2. Though many of the changes noted are no longer observed 
when the strains are subcultured to a neutral medium, there are 
some which seem to denote more than merely a temporary adap- 
tation. 

3. The scattered observations in the literature on the effect 
of the reaction of the medium on the characteristics of bacteria 
are systematized. 

4. The nature of the changes observed will be discussed in 
forthcoming papers. 


REFERENCES 


Apam, A. 1921 Ztschr. Kinderheilk., 29, 306. 

Apami, J. G., Apspott, M. E., anp Nicnouson, F. J. 1899 Jour. Exp. Med., 
4, 349. 

Amako, T.H. 1930 Centralbl. f. Bakt. usw., Abt., 1, Orig., 116, 494 

Amoss, H. L. 1925 Jour. Exp. Med., 41, 649. 

ArzBERGER, C. F., Peterson, W. H., anp Frep, E. B. 1920 Jour. Biol. Chem., 
44, 465. 

Avery, 0. T., anp Cutten, G. E. 1920 Jour. Exp. Med., 32, 547 

Ayers, 8. H. 1916 Jour. Bact., 1, 84. 

BLUMETHAL, F. 1895 Ztschr. f. klin. Med., 28, 223. 

BrREDEMAN, G. 1909 Centralbl. f. Bakt. usw., Abt. 2, 23, 389 

Brinck, J. 1927 Centralbl. f. Bakt., usw., Abt. 1, Orig., 104, 304 

Brooks, M.M. 1922 Jour. Gen. Physiol., 4, 177. 

Bucuanan, R. E., anp Futmer, E. I. 1930 Physiology and Biochemistry of 
Bacteria. Vol. II. The Williams & Wilkins Company, Baltimore 
Pp. 315. 

Bunker, J. W.M. 1917 Abs. Bact., 1, 31. 

Bunker, J.W.M. 1919 Jour. Bact., 4, 379. 

Burke, V. 1922 Jour. Bact., 7, 159. 

Burke, V., AND ASHENFELTER, M. 1926 Stain Tech., 1, 63 

Capone, G. 1919 Sperimentale, 73, 385. 

CuurcuMan, J. W. 1922-23 Proc. Soc. Exp. Biol. and Med., 20, 16 

Ciark, W.M. 1915 Jour. Biol. Chem., 22, 87. 

Coxe, 8. W., anp Litoyp, D. J. 1917 Jour. Path. and Bact., 21, 267 

Corper, H. J., anp Sweany, H.C. 1918 Jour. Bact., 3, 129 

De Kruir, P.H. 1922 Jour. Exp. Med., 36, 561. 

Dernsy, K.G. 1921 Biochem. Ztschr., 126, 105. 

Dernsy, K.G., AND ALLANDER, B. 1921 Biochem. Ztschr., 123, 245. 








€ 


30 ESTHER WAGNER STEARN AND ALLEN E. STEARN 


Dickson, E.C. 1915 Jour. Amer. Med. Assoc., 65, 492. 

Dutaney, A.D. 1928 Jour. Inf. Dis., 42, 575. 

Dutton, L.O. 1928 Jour. Bact., 16, 1. 

Evxetes, G. 1925-26 Centralbl. f. Bakt. usw., Abt. 1, Orig., 97, (Beiheft), 
295. 

Escuericu, T., AND PraunpLeR, M. 1903 Kolle-Wasserman Handbuch der 
path. Mikroorganismen, 2, 338. 

Faux, I. S., anp Harrison, R. W. 1926 Jour. Bact., 12, 97. 

Fevurx, A. 1924 Ztschr. Immunitats., 39, 127. 

Fe.ton, L. D., anp DoucHerty, K.M. 1924 Jour. Exp. Med., 39, 155. 

Garpowsk!, L. 1907 Centralbl. f. Bakt. usw., Abt. 2, 19, 737. 

Georaia, F. R., anp Por, C. F. 1932 Jour. Bact., 23, 135. 

GreszczkYiewisz, M., anp Wrosiewski, V. 1927 Compt. rend. Soc. Biol., 
96, 937. 

Hap.ey, P. 1927 Jour. Inf. Dis., 40, 1. 

Happoip, F.C. 1929 Brit. Jour. Exp. Path., 10, 263. 

HartTLey, P., anpD Hartiey,O.M. 1922 Jour. Path. and Bact., 25, 468. 

Hazen, E., anp Heiter, G. 1932 Jour. Bact., 23, 195. 

Heeren, R.H. 1930 Jour. Inf. Dis., 46, 161. 

Hipster (von), E. 1908 Untersuchungen iiber die pathogenen Anaeroben. 
Fischer, Jena. 

Hitt, 8. E., anp SuHovup,C.S. 1929 Jour. Bact., 18, 95. 

Hirscusrucn, A. 1906 Arch. f. Hyg., 56, 280. 

Houn, J., anD Becker, P. 1927 Centralbl. f. Bakt. usw., Abt. 1, Orig., 103, 184. 

Hort, E.C. 1917 Proc. Roy. Soc., Ser. B., 89, 468. 

Hunter, C.A. 1931 Jour. Bact., 21, 13. 

Inman, O.L. 1927 Biol. Bul. Woods Hole, 53, (3) 197. 

Irano, A., anD Neri, J. 1918-19 Jour. Gen. Physiol., 1, 421. 

Jones, H.M. 1916 Jour. Inf. Dis., 19, 33. 

Jonges,H.M. 1920 Jour. Inf. Dis., 27, 169. 

JonEesco-MIHAESTI AND Popesco, C. 1922 Compt. rend. Soc. Biol., 86, 893. 

Kirstein, F. 1904 Ztschr. f. Hyg., 46, 229. 

Kuicier, 1. J. 1917 Jour. Bact., 2, 351. 

Knorr, M., anp Braun, A. 1928 Centralbl. f. Bakt. usw., Abt. 1, Orig., 106, 
173. 

Koser, 8, A., anp Strron, N.C. 1930 Jour. Bact., 19, 13; Jour. Inf. Dis., 47, 
453. 

Layspourn, R.L. 1921 Abs. Bact., 5, 14. 

Lazarus, E. 1909 Compt. rend. Acad. Sci., 149, 423. 

Lierson, E. 1931 Jour. Bact., 21, 331. 

Merrit, A. T., anp CLrarxk, W.M. 1928 Jour. Bact., 16, 267 

Meyer, K. 1911 Biochem. Ztschr., 32, 274. 

Micnae.is, L., anp Marcora, F. 1912 Ztschr. Immunitats., Abt. I, Orig., 14, 
170. 

Mvusimann, M. 1909 Arch. f. Hyg., 69, 401. 

Nocucui, H. 1907 Proc. New York Path. Soc., 7, 196. 

Nuncoester, W.J. 1929 Jour. Inf. Dis., 4, 73. 

Nounocester, W. J. 1929 Proc. Soc. Exp. Biol. and Med., 26, 457. 

















EFFECT OF REACTION OF MEDIUM ON BACTERIA 31 

NunGEstTER, W. J., anpD ANDERSON, S. A. 1931 Jour. Inf. Dis., 49, 455 

Ouitzk1, L. 1929 Centralbl. f. Bakt. usw., Abt. 1, Orig., 113, 395 

Petrorr,S.A. 1929 New Eng. Jour. Med., 200, 1148. 

Quirk, A. R. 1931 Science N. S., 74, 461. 

Reprietp, H.W. 1917 Abs. Bact., 1, 61. 

Reep, G. B. 1924 Abs. Bact., 8, 4. 

Reep, G. B. 1931 Jour. Bact., 21, 12. 

Reep, G., and Mac Leop, D. J. 1924 Jour. Bact 9, 119. 

Reep, G., anp Orr, J. H. 1923 Jour. Bact., 8, 103. 

Riemer, (Dr.) 1913 Minch. med. Wehnschft., 60, 908. 

ScHATTENFROH, A., AND GRASSBERGER, R. 1900 Arch. f. Hyg., 37, 54 

Scuirr, F., anp Natuorrr, E. 1920 Ztschr. Immunitits., Abt. 1, Orig., 30, 482 

Scumipt, A. 1892 Wiener klin. Wchnschft., 6, 643. 

ScHoTretius, M., anp WasserzuaG, E. 1896 Fligge-Mikroorganismen, Ed. 3, 
Vol.1. F.C. W. Vogel, Leipzig. Pp. 489. 

SHauGcunessy, H. J., anp Faux, 1.8. 1923 Abs. Bact., 7, 353; Jour. Bact., 1924, 
9, 559. 

Suaveunessy, H. J., anp Winstow, C.-E. A. 1927 Jour. Bact., 14, 69 

Suunk, I. V., anp Wotr, F. A. 1921 N.C. Agr. Exp. Sta. Tech. Bul., 20, 8 

Smirx, Ta. 1890 Jour. Comp. Med. and Veterin. Arch., 11, 159. 

Soute, M.H. 1928 Jour. Inf. Dis., 42, 93. 

Spritzer, G., anp Parritt, E.H. 1930 Jour. Bact., 19, 12. 

Stearn, A.E. 1926-27 Jour. Gen. Physiol., 10, 313 and 325. 

Stearn, E. W., anp Stearn, A. E. 1925 Jour. Bact., 10, 13. 

Stearn, A. E., anp Stearn, E.W. 1928 Univ. Mo. Studies, 3, No. 2, 1 

Sutuivan, M. X. 1905 Jour. Med. Res., 14, 109. 

THIERCELIN, E., anp Jounaup, L. 1903 Compt. rend. Soc. Biol., 55, 701 

Toustoounoyv, A. V. 1929 Stain Tech., 4, 81. 

Torrey, J. C., Kaun, M. C., anp Satincer, M.H. 1930 Jour. Bact., 20, 85 

Truscuina, E. F., anp Korotewa, E.G. 1930 Centralbl. f. Bakt. usw., Abt 
1, Orig., 117, 506. 

Van Ermencem, E. 1897 Ztschr. f. Hyg. u. Inf., 26, 1. 

VirTANEN, A. I., anD BARLUND, B. 1926 Biochem. Ztschr., 169, 169 

Winsvow, C.-E. A., Faux, I. 8., anp Cautrietp, M. F. 1923-24 Jour. Gen 
Physiol., 6, 177. 

Wotr, C.G. L. 1920 Brit. Jour. Exp. Path., 1, 288. 

Wyetu, F.J.S. 1919 Biochem. Jour., 13, 10. 

Yarisawa, C. 1926 Japan Med. World, 6, 35. 











32 ESTHER WAGNER STEARN AND ALLEN E. STEARN 


PLATE 1 


Fic. 1. B. coli, after twenty-four hours at 37° and twenty-four hours at room 
temperature on beef infusion 1.5 per cent agar of pH 5.15 (colonies iridescent 
changing to a bronze-like appearance; depressed areas appear lysed). 4X. 

Fig. 2. B. coli, after twenty-four hours at 37° and twenty-four hours at room 
temperature on beef infusion 1.5 per cent agar of pH 5.5. 4x. 

Fig. 3. B. coli, after twenty-four hours at 37° and twenty-four hours at room 
temperature on beef infusion 1.5 per cent agar of pH 5.95. 4x. 

Fic. 4. B. coli, after twenty-four hours at 37° and twenty-four hours at room 
temperature on beef infusion 1.5 per cent agar at pH 6.8. 4x. 

Fig. 5. B. coli, after five days at room temperature on beef infusion 1.5 per cent 
agar of pH7.8. 4x. 

Fia. 6. B. coli, after forty-eight hours at 37° on agar slants. Tube A, pH 5.2. 
Tube B, pH 6.0. Tube C, pH 7.0. Tube D, pH 8.4. 
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PLATE 2 





ARN 


hia. 7. Salmonella enteritidis, after twenty-four hours at 37° and twenty-four 


hours at room temperature on 1.5 per cent nutrient agar of pH 5.15 
hic. 8. Salmonella enteritidis, after twenty-four hours at 37° a 


1» 
nd twenty-four 


hours at room temperature on 1.5 per cent nutrient agar of pH 5.95. 4» 


hic. 9. Salmonella enteritidis, after five days at room tempera 


cent nutrient agar of pH 6.8. 4» 


ture on 1.5 per 


hic. 10. Salmonella enteritidis, after five days at room temperature on 1.5 per 


cent nutrient agar of pH 7.9. 4> 
Kia. 11. Salmonella ente fiddis ifter fortv-eight hours at 37 
nutrient agar of pH 5.2 l 
Pia. 12. Salmonella enteritid ifter forty-eight hours at 37 


nutrient agar of pH 8.4. 1 


on 1.5 per cent 


on 1.5 per ce nt 
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According to Dernby (1921) B. subtilis grows through the wide 
pH range 4.5 to 8.5, with optimum limits between 6.0 and 7.5. 
In 1927 Stearn and Stearn attempted, by culturing this organism 
alternately in broth at pH 5.2 and on neutral agar plates, taking 
care to transplant from the latter medium only colonies which 
showed a preponderance of Gram-negative rods, to obtain a pure 
variant. This technic produced a strain which showed a shift in 
isoelectric point, a decreased sensitivity to gentian violet in broth, 
and a significant loss in Gram-positiveness. In that study, as 
well as in the one recorded here, single cell cultures, obtained by 
the Orskov technic and purified by the usual agar plate method, 
were used. It was noted that the acid broth cultures showed 
decided differences from neutral and alkaline broth cultures, and 
this observation initiated a long series of experiments, not only 
on B. subtilis but also on several other organisms, in an effort to 
determine the extent and nature of the effect of the pH of the 
medium on the character of these organisms. In the first paper 
of this series the experimental methods of approach and the 
observed changes in certain other organisms have been described 
and discussed (Stearn and Stearn (1933)). In this paper an 
effort is made to record the results obtained with B. subtilis, 
results which were found to be very suggestive. 
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ORGANISM, MEDIA AND STAINING TECHNIC 


The organism used for this study was a strain of the American 
Type Culture Collection, obtained from the American Museum 
of Natural History. By means of a modified Orskov technic a 
single cell culture was obtained. On agar slants it grows as a 
dry, attached, weakly-refractive spreading membrane with a 
crenate margin. On agar plates it forms medusa-head colonies, 
which are dry and attached. It is strongly Gram-positive, and 
forms central spores. Rods are long, with rounded edges. In 
neutral beef-extract broth pellicle formation is preceded by a 
dense turbidity and some flocculated growth. As the time of 
incubation is increased to forty-eight hours a grayish sediment 
forms, the broth becomes clear, and a firm pellicle floats on the 
surface. On glycerol agar the organism forms a glistening, 
brownish-red, moist growth, less spreading than that on nutrient 
agar. 

Media were prepared, adjusted to the desired pH with HCI or 
NaOH, and enough phosphate buffer added to make a total 
phosphate concentration of M/15. They were allowed to boil for 
a few minutes, after which they were cooled, filtered, tubed in 10 
cc. portions and sterilized in the autoclave. To insure sterility 
the tubes were incubated for forty-eight hours at 37°. Before 
using, the pH of the broth was determined electrometrically. 

A twenty-hour agar or broth culture of the original B. subtilis 
culture was used as a control on each slide when staining behavior 
was studied. The usual classic Gram technic was employed 
unless otherwise specified. 


1. Types of growth in «/15 phosphate nutrient broth at three pH 
values 


One drop of a twenty-four-hour broth culture was inoculated 
into tubes at the various pH’s, incubated for twenty-four hours 
and then transferred to new tubes at the same pH. In table 1 
are given descriptions of the appearance of the broth cultures 
after twenty-four hours’ incubation. They are given for 5 con- 
secutive transfers. 
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Within twenty-four hours pellicle formation and the clearing 
of the medium occurred at pH 7.8, while at pH 7.0 a small pellicle 
eventually formed though some growth remained diffused. At 
pH 5.4 no pellicle formed and the growth remained dispersed 
through the broth. 

Cultures streaked from the last tubes (after the fifth transfer 
as of table 1) to neutral nutrient agar showed the following 
changes: 

1. The culture from the acid tube, pH 5.4, developed colonies 
with round white centers, moist but non-viscid, and with fuzzy 
edges. 

TABLE 1 


CULTURE | 
TRANSFER!) 


pH 7.0 pH78 
1 No pellicle; diffuse | No pellicle; diffuse | Pellicle; sparse diffuse 
growth; stringy sed- growth; slight sedi- | growth; coagulated 
iment ment sediment 
| No pellicle; diffuse | No pellicle; diffuse | Pellicle; clear 
growth; stringy sed- growth; slight sedi- 
iment ment 


growth; stringy sed- 
iment 

| No pellicle; diffuse 
growth; stringy sed- 
iment 

No pellicle; diffuse | Small pellicle; diffuse, | Pellicle; stringy, floc- 
growth; stringy sed-| stringy growth culating growth 
iment 


stringy growth culating growth 


No pellicle; diffuse Small pellicle; diffuse, | Pellicle; stringy, floc- 
| 


Small pellicle; diffuse, | Pellicle; stringy, floc- 


| stringy growth culating growth 





2. That from the neutral broth gave small shrivelled firm- 
edged dull colonies. 

3. That from the alkaline tube gave moist, glistening colonies, 
which resembled those from the acid culture rather than those 
from the neutral culture. 


2. Effect o inued s uring on acid and alkaline media 
2. Effect of continued subcult g i and alkal | 


B. subtilis was subcultured for four months in nutrient broth 
buffered with phosphate mixtures, of m/15 in total phosphate, 
and adjusted, in 1 case, to pH 5.2 and, in the other, to pH 8.0. 
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After forty-eight hours, transfers were made to agar slants 
adjusted to the same pH as the broth from which the transplant 
was made, incubated for twenty-four hours at 37° and then 
returned to broth. The strain kept at pH 5.2 will be called the 
acid strain and the other one the alkaline strain. Cultural 
differences could be regularly noted, the acid strain growing 
diffusely with the broth becoming nearly colorless, the alkaline 
strain growing with a clearing of the broth as a waxy pellicle 
formed. It was noted that this waxy pellicle in the alkaline 
tubes turned to brownish red when the tubes were kept at room 
temperature for a week. 























TABLE 2 
Comparative sensitivity of the acid and alkaline strains to gentian violet 
ACID STRAIN ALKALINE STRAIN 
DYE DILUTION eS 
pH5.2 | pH62 |; pH7.7 pH52 | pH62 |; pH77 
1:1,000,000 aT, oe | ‘ a he 
/ 
+ | + - ~ - | - 
1:2,000,000 | A te ia: tend “te bee oe 
| | | 
+ | + + - | - - 
: 000 
1:4,000, eM | + | re + | + = 
| 
+ | + + + + - 
: 000 
~— { ee ee oh ee at et Ss ee 
| | 





At the end of four months, when the two strains were streaked 
to 2 per cent nutrient agar of pH 7.6, the acid strain developed 
as smooth regular rounded moist colonies, while the alkaline 
strain gave irregular fuzzy-edged dry colonies. The alkaline 
strain was either Gram-positive or else showed Gram-positive 
granules enclosed in Gram-negative ectoplasm. The acid strain 
showed a large proportion of greatly shortened Gram-negative 
rods. Difference in sensitivity to gentian violet was determined 
by adding one drop of a saline suspension of twenty-hour acid 
agar plates (i.e., of the smooth colonies), or of twenty-hour alka- 
line agar plates (fuzzy colonies) to buffered gentian violet 
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nutrient broth. Results for both twenty-four and seventy-two- 
hour incubation periods are given in table 2. The greater sensi- 
tivity of the alkaline strain is quite marked. 


3. Further experiments on the changes involved in response to the 
pH of the medium 


After the preliminary work of colony selection the organism 
was transferred to tubes containing meat infusion broth buffered 
with M/15 phosphate mixtures. The pH of the acid tubes was, 
in the first part of the work, adjusted to a value of 5.6, that of the 
neutral tubes to 7.0, and that of the alkaline tubes to 8.0. 

Although differences could be noted at the end of the first 
twenty-four hours, they became more pronounced after forty- 
eight hours. Streaked to neutral agar there was at this time no 
change noted between these strains. A series of transfers to new 
tubes was made every twenty-four hours, streaking to agar plates 
to determine differences in colony formation. After the seven- 
teenth transfer three strains were obtained as described in 
table 3. 

Though the organism was subcultured for five weeks longer, 
no further change was noted in the strains either in the tubes or 
the colonies obtained from them. 


4. Reversal of the acid strain 


Reversal of the acid strain to the original was studied by: 

1. Transplanting into neutral nutrient broth; 

2. Transplanting into alkaline nutrient broth; 

3. Transplanting onto neutral nutrient agar. 

In neutral nutrient broth there is a slow change toward the 
original strain. In the first transplant, at the end of twenty- 
four hours the rods vary greatly in size and Gram character, 
though most of the rods are still short and Gram-negative. In 
the eighth culture of the series the broth still shows no pellicle 
formation, the growth remaining evenly dispersed with some 
sedimentation, though the rods are normal in size. Continued 
cultivation will, however, restore their normal Gram character, 
their ability to form a pellicle, and their typical colonies on agar. 
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In alkaline broth the acid strain was found to have reverted to 
the original in every respect by the time of the twelfth transplant. 
By transplanting directly from neutral agar to neutral agar the 
acid strain of colony after the thirteenth transplant gives organ- 
isms which have reached normal size and have attained a Gram- 


TABLE 3 


Description of strains produced at various values of pH 


STRAIN CULTURED AT | STRAIN CULTURED AT STRAIN CULTURED AT 
CHARACTER pH 5.6 pH 7.0 pH 8.0 


Appearance in broth; Homogeneous Diffuse, flocculat- | Clearing, floccu- 


clouding, no pel- ing, fragile pel- lating gelatinous 
licle licle sediment; waxy 
pellicle 
Colonies on 2 per | Glistening, regu- | Weakly  refrac- | More spreading 
cent neutral agar | lar edges; tive, spreading, than those from 
| moist, easily | (medusa head), the neutral 
| removed grayish, dry, strain 
| | attached 
Morphology | Short, thick, | Normal size, | Long, thin, Gram- 
| Gram-negative | Gram-positive | positive 
Motility of 20 hour | Sluggish + _ 


broth culture 


| 

Sensitivity to gen- | 
tian violet tested | | 
on 2 per cent gen- | 
tian violet meat | | 


infusion plates 


Dye dilution: 
1: 500,000 - 
1:3,000 ,000 + + _ 
1:4,000 ,000 + + + 


positive character. In this reversion there seems to be a gradual 
change, and the strain shows a stage in which the organisms are 
beaded, the rods containing Gram-positive granules in a Gram- 
negative ectoplasmic zone, which, in turn, gradually changes to 
solid-staining normal subtilis rods after additional transfers. 














EFFECT OF REACTION OF MEDIUM ON BACTERIA 4: 


ww 


5. Two types of colonies obtained by streaking the alkaline strain 
to acid agar (pH 5.6) 


B. subtilis, grown for a week in broth at pH 7.8 and then 
streaked to 1.5 per cent agar adjusted to pH 5.6 gave two kinds of 
colonies: 

1. A spreading, translucent, dull growth, called type B; 

2. White, moist, viscous, discrete secondary colonies, called 
type A. 

Results obtained with type B may be thus summarized: 


Planted to acid agar (1): Less spreading than B itself, more trans- 
lucent. 

From acid agar (1) to acid broth (2): Pellicle formed with clearing 

From acid broth (2) to acid broth (3): Pellicle formation with 
turbidity. 

From acid broth (3) to acid agar (4): Colonies with hollow, lytic 
centers surrounded by a raised and curved shell with a spread- 
ing pale outer periphery. Lytic areas. Long slender rods 
mostly Gram-negative showing decreased sensitivity to gentian 
violet. 


Results indicate that type B planted to media adjusted to pH 
5.2 forms colonies with lysed centers from which the acid type 
strain is obtained. 


Planted to alkaline agar (1): More translucent and spreading than 
on acid agar. Long Gram-positive rods. 

From alkaline agar (1) to alkaline broth (2): Pellicle formation 
with clearing and flocculated growth. 

From alkaline broth (2) to alkaline broth (3): Pellicle formation 
with clearing and flocculated growth. 

From alkaline broth (3) to alkaline agar (4): Spreading translucent 
growth. 


These latter results show that in alkaline media colony type b 
is preserved. 

In the same way results obtained with type A may be sum- 
marized: 


Planted to acid agar (1): Discrete, viscous, smooth edged colonies 
From acid agar (1) to acid broth (2): Diffuse growth, no pellicle. 
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From acid broth (2) to acid broth (3): Diffuse growth, no pellicle. 

From acid broth (3) to acid agar (4): Same as A above, white, 
with roughened centers. Short and thickened rods, mostly 
Gram-negative. 


Thus on acid media the colony type A is retained. 


Planted to alkaline agar (1): Same appearance as on the acid agar. 
Mixed Gram-positive and Gram-negative rods. 

From alkaline agar (1) to alkaline broth (2): Pellicle formation 
with clearing and flocculated growth. 

From alkaline broth (2) to alkaline broth (3): Pellicle formation 
with clearing and flocculated growth. 

From alkaline broth (3) to alkaline agar (4): Spreading translucent 
growth. 


Thus, on alkaline media colony type A is seen to change to 
colony type B. 


6. Results obtained by using technic based on Quirk’s method for 
obtaining S and R forms of Bacillus subtilis 


The original culture was again purified by successive plate 
culture, and during this procedure no differences in colony form 
were noted. 

A needle transfer of a young agar culture was made to un- 
buffered meat infusion broth adjusted to pH’s 5.15, 5.38, 5.45, 
5.60, 5.65, 5.67, 5.8, 5.95, 6.0, 6.13, 6.3, 6.6, 6.8, 6.9, 7.05, 7.2, 
7.6, 7.8, 7.9 and 8.2. These values were obtained electrometri- 
cally when broth tubes, kept for forty-eight hours at room 
temperature after sterilization, were tested. The inoculated 
tubes were allowed to stand at room temperature for thirty 
minutes, after which one loopful from each tube was transferred 
to another broth tube of the same pH. These latter tubes were 
incubated for twenty-four hours at room temperature, after 
which they were again planted twice successively (as before) to 
tubes of corresponding pH’s. These last tubes were incubated 
at room temperature for twenty-four hours before streaking to 
1.5 per cent meat infusion agar plates at corresponding pH’s. 
This procedure was based on that suggested by Quirk (1931). 
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a. Broth cultures at different pH’s: 


pH range Description 
5.15 Slow growth; granular and sedimentary 
5.38-5.60 Large fluffy floccules, otherwise clear; no pellicle in six days; 
sediment easily dispersed 
5.67-7.9 Turbid waxy pellicle, flaky sediment 
8.0 -8.4 Uniform turbidity, gelatinous strings and a gelatinous sedi- 
ment 


With an increase in pH from 5.67 to about 8 there is a greater 
and earlier formation of flakes which settle out, and a larger and 
more waxy pellicle forms. 

b. Colonies on agar at different pH’s: 


pH range Description 
5.15 Opaque, dry, rugose, mealy, center easily removed (fig. 1) 
5.38-5.45 Opaque, white, smooth or finely granular, easily removed from 


agar, glistening, faintly iridescent, showing clearing areas on 
continued incubation. (There is a_ well-defined margin, 
though after forty-eight hours the colony may become some- 
what spreading. They never approach the appearance of the 
other colonies even after two to three weeks of incubation) 


(fig. 2) 

5.6 -6.13 Intermediate, easily removed, somewhat mealy, slightly 
glistening 

6.3 -8.2 Spreading, flat, slightly glistening and moist, center adherent, 


thin and membranous, medusahead (figs. 3 and 4) 


c. Transplants from broth to agar slants at corresponding pH’s. 
When a loop or needle transfer is made to agar slants at varying 
pH’s, marked changes, similar to those observed on agar plates, 
are noted. 


pH range Description 
5.2 Opaque, metallic, raised, somewhat iridescent, easily removed 
6.0 Opaque, gray, flat; generally intermediate 
7.0 Thin, membranous, adherent, spreading, glistening 
8.4 Generally similar to those at pH 7.0 but more spreading and trans- 


lucent (fig. 5) 


d. Morphology. Twenty-four hour cultures, both agar and 
broth, show the following forms predominantly: 
pH range Deacription 


5.15 Decidedly short and plump; Gram-negative with some granular; 
occurring both in long chains and in clumps 
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5.6 Curved and varying greatly in length; long chains from the 
broth cultures 

6.8 Normal Gram-positive rods; long and short chains in the broth 

7.6 -7.9 From very short to long Gram-positive rods; short chains and 
single rods in broth 

8.2 Very long and slender rods, homogeneous, Gram-positive; a few 


short chains but mostly single rods 


e. Motility. Broth and agar cultures of nine to thirty hours 
were found through the pH range 5.15 to 8.2 to be non-motile 
when incubated at room temperature. When incubated at 37° 
sluggish motility was observed in broth cultures at pH’s 5.5 to 6.8 
but not at 7.9 to 8.0. It is possible that the reason for the 
apparent lack of motility in the case of the acid strains is the 
fact of their growth in such long chains and large clumps. 

f. Spore formation. At all pH’s, ie., from 5.15 to 7.9 spores 
seem to be formed equally readily, and they germinate throughout 
that range. At and above pH 8 the rods show a distinct tendency 
to form large Gram-positive granules, and later to become evacuo- 
lated without forming spores, although spore formation occurs to 
a certain extent. 

g. Suspensions in physiological salt solution. Growth from 
twenty-four-hour agar cultures at the pH’s designated below 
showed great differences when transfered to physiological salt 
solution. 

pH range Description 


5.1-5.45 Easily emulsified, homogeneous suspensions, do not flocculate 
during twenty-four hours 


5.6-6.0 Less easily emulsified and non-homogeneous, some flocculation 
during twenty-four hours 

6.3-7.8 Very difficult to emulsify, flocculent; complete flocculation 

8.0 Most resistant to emulsification, remain flaky 


The difference in the ease of emulsification and in the stability 
of the suspensions in salt solution is progressive from low to high 
pH’s. 

h. Cultural characters. Cultures obtained from three sets of 
tubes at pH’s 5.5, 6.8 to 6.9, and 7.9 to 8.0, were used to deter- 
mine whether any change in cultural reactions could be noted. 
Transplants were made into the various media from twelve-hour- 
broth cultures and from eight-hour and twenty-four-hour agar 
cultures. 
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All three strains gave similar results as follows: 


Glucose: Acid; no gas. 

Lactose: No fermentation. 

Maltose: Acid; no gas. 

Mannitol: Acid; no gas. 

Sucrose: Acid; no gas. 

Nutrient gelatin: White surface growth with liquefaction. 

Two-tenths per cent soluble starch broth: Complete hydrolysis 
with the formation of pink vesicles on the pellicle. 

Potato slants: Cheese-like, moist pink vesicles. 


The organism, though cultured through widely differing pH 
ranges, exhibits no change in enzyme activity with respect to the 
nutritive substances examined. We are thus not dealing with 
degenerated cultures. 

i. Effect of transplanting from agar cultures at varying pH’s to 
neutral broth. Needle transfers were made from agar cultures at 
different pH’s to neutral broth tubes. These were incubated for 
twenty-four hours at 37°. 

pH range Description 

5.15 Stringy, flocculating growth, producing a gelatinous sediment; 


no pellicle (morphology—long chains of long rods; sluggish 
motility) 


5.6 Flocculated growth and flaky sediment (morphology—long chains; 
sluggish motility) 
6.8 Turbid, with sediment which is easily suspended (morphology 


short chains and single cells; non-motile) 
7.8-8.2 Cloudy, with gelatinous sediment (morphology—few chains, 
rods single and short; non-motile) 


Thus it seems that the changes induced by the differing pH’s 
of the media are more than temporary. 
DISCUSSION 
B. subtilis is generally cultured in media adjusted to pH’s 
near the neutral point, and since it forms alkali readily it seldom 
exists in an acid environment. It can, however, grow readily in 
media of low pH’s. 


Changes in appearance of cultures are thought to be accom- 
panied by distinct differences in the composition and structure 
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of the bacterial cell, which can be observed during successive 
generations. Dissociants are of this nature. Two investigators 
in particular have studied the dissociants of B. subtilis. Soule 
(1928) studied three forms. His S form was motile, Gram-posi- 
tive, and formed large oval spores near the middle. At 33° this 
form grew, at first, diffusely in broth, though later a granular 
precipitate formed at the side and, after twenty-four to thirty- 
six hours, a tough tenacious pellicle. On agar plates the S colonies 
were friable, whitish, slightly glistening, moist, smooth and 
regular. The R form was rarely motile; it was Gram-positive, 
forming large oval spores near the middle. In broth, this form 
gave diffuse growth in three to four hours, yielding a bulky 
flocculant precipitate in about twenty-four hours. After a longer 
incubation period the broth became clear, a tough pellicle form- 
ing. The R colonies on agar plates were usually twice the size of 
the S colonies. They were of medusa-head type and viscous. 

He studied the effect of pH on the dissociation of his S and 
R forms by inoculating them into beef-tea cultures adjusted to 
pH’s ranging from 6.0 to 8.4, and incubating at 33° for one hun- 
dred sixty-eight hours, with examination of the tubes at twenty- 
four-hour intervals. He found, contrary to our finding, that 
very little if any multiplication took place at pH 8 to 8.4; that no 
S forms appeared in any of the tubes inoculated with R forms; 
that in broth with an initial reaction neutral or slightly acid a 
somewhat larger amount of dissociation of 5 to R took place. It 
should be pointed out that in beef-extract broth there is a possi- 
bility that the initial pH may have been decidediy altered during 
this extraordinarily long incubation period. 

Graham (1930) obtained four distinct variants of B. subtilis 
by plating broth cultures on agar. His variants had the charac- 
teristics given in table 4. 

According to Graham, his variants I and II correspond to the 
S and R forms of Soule. Non-motile variants III and IV have 
acquired the ability to produce a ‘mucoid material.” The 
ability of variant II to grow as threads and chains accounts for 
the irregular medusa-head form of the colonies. The loss of 
motility and of the H antigen appears to be accompanied by an 
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increase in mucoid material. All four variants possess the same 
heat-stable (100°C.) somatic antigen. 

Graham points out the difficulty in calling variant I the S 
variant, since none of the variants described (except a certain salt 
sensitive form of one strain) have any true R characters in 
contrast with the “smooth” variants I and III. 

Concomitant with the evidence of dissociation involved in 
colony form and appearance of broth culture and agar slants are 


TABLE 4 











VARIANT I VARIANT II VARIANT II VARIANT IV 
Appearance | Smooth, glis- | Dull, uneven, | Smooth, domed) Like II but 
of colony | _ tening larger than translucent, shiny, gran- 
opaque, de- I, dry, gran- mucoid, de- ular center, 
| fined margin ular, medusa fined margin waxy Margin 
head 
| 
Broth cul- | Turbid;  pel- | Same but | Uniform _ tur- 
ture | licle in 5 to6 coarser sedi- | bidity 
| days | ment | 
Morphology} Short, occur- | Longer than I, | Similar to I | Between I and 
ring singly | chains and | II 
| orin pairs | threads 
| | 
Motility ao + a = 


Suspension | Easily emulsi- | More difficult | Difficult to | Stable suspen- 


in0.5 per | fied, perma- to emulsify | emulsify be- sion 
cent salt | nent suspen- permanent | cause of 
| sion | suspension slimy threads 
H antigen oe = - _ 





other evidences of change in the organism when cultured at 
pH’s which are distinctly acid. The dissociants, if that term 
may be here applied, differ in Gram character, in sensitivity to 
gentian violet, in isoelectric point, in motility, and in their sus- 
pensions in physiological salt solutions. 

This behavior indicates that the changes brought about are 
more or less fundamental. In this respect the pH is an auxiliary 
rather than a primary factor, and thus differs in the type of 
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influence it exerts from its influence on staining or stasis behavior 
where it is probably a primary factor. That is, it affects directly 
the chemical state of both the bacterial cell and the staining or 
stasis agent and thus their mutual action, the latter being the 
phenomenon directly under investigation. In culture work the 
PH effect is probably brought about by its influence on the chemi- 
val state of the bacterial cell and the various classes of food 
materials, thus affecting their relative availabilities and, indi- 
rectly, the nature of the resulting organism. These mutual 
reactions between organism and foodstuffs are usually not directly 
under investigation, but changes are noted only indirectly as cer- 
tain behavior characteristics of the organism are observed. 

Pampana (1931) has devised a test for distinguishing between 
the inagglutinable smooth and the agglutinable rough forms in 
working with the typhoid-paratyphoid, dysentery and Brucella 
groups. This test is carried out by mixing a 1:500 solution of 
trypaflavine in saline with a fairly thick suspension of a twenty- 
four-hour agar culture and incubating for six hours at 37° and 
overnight at room temperature. He states that if a culture which 
apparently consists of smooth forms is agglutinated, the prob- 
ability is that it contains a considerable portion of the rough form. 

In the study reported in the present paper a few experiments 
were tried employing this procedure and using twenty-four-hour 
growth from agar at different pH’s with the following results: 

pH vce OS BS. 60: O28 72 
Results...... — — + + + 
+ denotes that flocculation occurred; — that the suspension remained turbid. 


One cubic centimeter of dye solution and 0.5 cc. of bacterial suspension were 
mixed in these tests. 


Five different determinations were made and the above results 
are merely suggestive. There are several objections to rigid 
interpretation. It is extremely difficult to get comparable sus- 
pensions before adding them to the dye, and furthermore the pH 
of the suspensions is probably not identical. There is no ques- 
tion, however, that the organisms at pH’s 5.8 to 8.0 show an 
increasing tendency to flocculate as the pH of the culture in- 


creases. 
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SUMMARY 

1. At sufficiently low pH, B. subtilis develops a variant which 
differs from the strain produced by culturing at high pH in 
colony form, pellicle formation, broth clearing, Gram character, 
motility, isoelectric point, and sensitivity to gentian violet. 

2. There seems to be a fairly critical pH above which the 
“acid” strain will not develop. 

3. By altering cultural conditions one can bring about rever- 
sion to the original type, or, if one desires, a reversal of the 
“acid” and “‘alkaline’”’ strains. 

4. The pH is probably an auxillary rather than a primary 
factor in these changes, as original variation, reversion or reversal 
does not result at once in response to pH change. 
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PLATE 1 
Figs. 1 to 5 


Fig. 1. B. subtilis after five days of incubation on 1.5 per cent beef infusion 
agar at pH5.15. 4x. 

Fig. 2. B. subtilis after four days of incubation on 1.5 per cent beef infusion 
agar at pH 5.5 (showing clearing areas). 4X. 

Fig. 3. B. subtilis after four days of incubation on 1.5 per cent beef infusion 
agar at pH 6.8. 4x. 

Fig. 4. B. subtilis after four days of incubation on 1.5 per cent beef infusion 
agar at pH 7.9to8.0. 4x. 
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As a sequel to the study of B. subtilis, the results of which have 
been reported in an earlier paper of this series (Stearn and Stearn, 
1933b), it seemed of interest to note the effect of similar treat- 
ment on the behavior of a closely related non-pathogenic spore- 
forming aerobe, B. cereus. The culture of this organism has 
been obtained from the American Type Culture Collection, and, 
at the beginning of the study, had been isolated from a single 
cell. Under its normal conditions of cultivation, i.e., on media 
approximately neutral in reaction, it showed characteristic growth 
with no aberrant colony formations. During the past six years 
various methods have been used to determine the effect of the 
pH of the medium on the behavior of B. cereus. In the first part 
of the present paper the results obtained from two of these 
methods will be reported. Results with this organism were 
particularly interesting because at pH values of 5.15 to 6.0 dis- 
tinct iridescence and lysis were observed, phenomena which were 
not noted at higher pH’s. The second part of the paper will be 
concerned with the nature of the lysed areas, which differed 
markedly from the pellucid areas developing normally at the 
usual pH’s of culturing. 


PART I 
a. Culturing in buffered meat infusion broth 


From a twenty-four hour culture of B. cereus transplants were 
made to tubes containing M/15 phosphate buffered meat-infu- 
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infusion broth | 


| 


Colonies on 1.5 per 
cent neutral agar 


| 
| 


Morphology 


Gram character 





Isoelectric range 
determined from | 
24-hour neutral 
agar cultures | 


Sensitivity to gen- | 
tian violet, tested| 
directly from 
broth tubes at 
different pH’s 

Sensitivity to gen- 
tian violet after 
subculture in 
neutral broth for 
24 hours 

Suspensions in | 
physiological salt 
solution 
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Appearance in meat | Cloudy, slightly 
no 
flocculation, no 
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cuLTurse at pH 5.6 


To 6.0 


granular, 
pellicle 


Raised, white, 


moist, non-vis- 
cid, peripheries | 


non-spreading 


One-third normal 


length, fat 


Negative 


Blue 

Blue-violet 
Pink-violet 3.0 
Pink 1.2 


4.3 


(Dye dilution) 
1:4,000,000 + 
1:3,000,000 + 
1:1,500,000 + 


+ 
000 + 
-}- 


Homogeneous 


TABLE 1 


cuLtuRE at pH 7.0 


CULTURE aT pH 80 


| Cloudy, flocculent | Cloudy, floecu- 








sediment, ring | 


pellicle 


Raised, soft, 


dense, easily 


lated, gelati- 
| nous, stringy, 
| ring pellicle 

| 

Slightly raised and 
more spreading 


lifted from agar, | 


refractive, 
spreading 
ripheries 


Normal size 


Positive 


Blue 4.3 
Blue-violet 3.0 
Pink-violet 1.8 
Pink 1.2 


(Dye dilution) 
1:4,000,000 + 
1:3,000,000 + 
1:1,500,000 — 


1:4,000 ,000 
1:3 ,000 ,000 


++ 


| 1:1,500,000 — 


Intermediate 


pe- 


| Longer, thinner 
than normal 


Positive, some 
showing merely 
positive gran- 
| ules 

| 


Blue 4; 

Blue-violet 2 
1. 
1. 


Pink-violet 
Pink 


Noe Ww 


(Dye dilution) 
1:4,000,000 + 
1:3,000,000 — 
| 1:1,500,000 — 


1:4,000 ,000 
1:3,000 ,000 
1:1,500,000 — 


++ 





Flocculent 
] 
| 
| 





sion broth. 


line tubes to pH 8.0. 


Acid tubes were adjusted to pH 5.6 to 6.0 and alka- 
Unbuffered neutral broth tubes were used 
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as controls. A series of transplants was made to new tubes of 
corresponding pH’s every twenty-four hours. When neutral agar 
plates were streaked from the first and second transplants dis- 
tinct differences in colony form could be noted in the various 
strains. The differences noted in the three strains at the end of 
three weeks of subculturing are given in table | 

In buffered beef-extract broth at pH’s 5.15 to 6.0 the growth of 
B. cereus is slightly granular, and pellicle formation is suppressed. 
At pH 5.3 no pellicle forms during a week’s incubation though 
growth is abundant. Between pH 6.1 and 7.8 growth is typical, 
while at pH’s above 7.9 gelatinous strings form. 

Continued subculturing at pH’s below 6 produces more than a 
transient alteration in the bacterial strain in that the usual 
characteristics are not at once observed upon subculturing to 
neutral broth and agar. Not until the seventh transplant are 
normal rods and the usual broth cultures, with the ability to 
form ring pellicles and normal colonies, obtained. In the suc- 
cessive transplants during reversion to normal the rods first ap- 
pear Gram-negative, short and fat, then longer and thinner and 
stippled with Gram-positive granules, and finally normal. The 
acid strain remains less sensitive to gentian violet even after 
several consecutive transfers to neutral broth. 


b. Results from experiments using Quirk’s technic 


The results obtained by a method based on Quirk’s technic, 
the details of which have been given in a previous paper (Stearn 
and Stearn, 1933b) on B. subtilis, are reported below. The media 
used in this study were meat infusion broth and 1.5 per cent agar, 
adjusted to pH’s ranging from 5.15 to 8.4 

Description of cultures in meat infusion broth at different pH’s: 


pH range Description 

5.15-5.8 Granular, sedimentary, later becoming turbid; there is a granu- 
lar sediment which on shaking is easily dispersed; no flakes. 

6.0 -7.9 Turbid, flocculent sediment, ring pellicle 

8.0 -8.4 Flocculating, not turbid; broth becoming clear with gelatinous 
stringy sediment 


One loopful from each broth tube except those at low pH’s, 
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when transferred to neutral agar and poured into plates, gave 
colonies practically identical in appearance. When streaked to 
agar adjusted to corresponding pH’s they gave colonies of widely 
differing appearance. 


Appearance of colonies on 1.5 per cent meat infusion agar of 
different pH’s: 


pH range Description 

5.15-6.0 Somewhat metallic, moist, non-viscid, iridescent but changing to 
bronzed appearance, non-spreading at first but with edges 
spreading underneath the surface on continued incubation; 
containing areas which become clear and appear lysed within 
the first fourteen hours, and which continue to enlarge until 
the colony is translucent and surrounded by a white rim 
(figs. 1, 3, 6 and 7) 

6.13-7.9 Raised, dense, refractive, soft, with spreading peripheries (figs. 
2, 4, 8 and 9). 

8.0 -8.4 Slightly raised but distinctly more spreading (figs. 5 and 10) 


Colonies obtained from acid broth cultures when streaked to 
neutral agar were round, non-spreading and heaped. In general 
the iridescence and lysis were observed only when the transplants 
were from acid broth to acid agar, at pH’s below 6. 

Appearance of growth on agar slants at different pH’s. Growth 
on agar slants at pH’s 5.15 to 5.67 differs markedly from that at 
pH’s 5.8 to 8.2. From 5.8 to 6.2 intermediate forms are ob- 
tained. 


pH range Description 

5.15-6.0 Somewhat metallic, opaque, with non-spreading peripheries, 
iridescent (green-blue-brown-purple by reflected light) chang- 

ing to bronze; lysed areas (fig. 11, tubes 1 and 2) 

6.13-7.9 Thick, white, mealy, with arborescent edges (fig. 11, tube 3) 

8.0 -8.2 Like those at pH 7.9 but with peripheries more spreading (fig. 
11, tube 4) 


Morphology. B. cereus in broth cultures at pH’s below 6 
grows in very long chains. The rods vary greatly in size from 
short fat individuals to long thin ones. Swollen, granular and 
disintegrated rods are observed. The broth cultures at higher 
pH’s show normal rods singly or in short chains. 

Organisms from agar cultures at pH’s below 6 are short (one- 
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half normal length) and thick during the first hours of incuba- 
tion. They later show granular, rough and disintegrated forms. 
These organisms are usually Gram-negative. Above pH 7.6 the 
rods are for the most part longer and thinner than normal. Cul- 
tures above pH 6.0 are Gram-positive, though the distinctly al- 
kaline cultures commonly show rods with large Gram-positive 
granules. Cultures from twelve to thirty-six hours old were 
examined. 

Motility. Broth cultures from nine to twenty-four hours old 
were examined. Incubated at room temperature, these cultures 
gave the following results: 


pH 5.15 to 5.8: Non-motile 
pH 5.9 to 6.9: Sluggishly motile 
pH 7.0 to 8.2: Actively motile 


The formation of clumps and chains at pH’s 5.15 to 5.8 may 
explain the absence of motility, for these cultures, upon the first 
transplant to neutral broth, were motile. The same results as 
given above for broth cultures were also obtained for agar cul- 
tures nine hours old, and incubated at room temperature. When 
incubated at 37° for twenty-four hours, some motility was ob- 
served in the agar cultures through the entire pH range studied. 
The most actively motile rods were those cultured at pH’s 7.9 to 
8.2. In earlier studies it was found that continued subculturing 
at pH’s below 6 or above 8 produces non-motile organisms. 

Cultural characters. Needle transfers from both broth and 
agar cultures at pH’s 5.2, 5.35, 6.8, 7.2, 8.0 and 8.2 were made to 
the various culture media prepared in the customary manner and 
adjusted to neutrality. The cultures were incubated at 37° and 
examined at intervals of twenty-four hours. No differences in 
ability to ferment sugars were noted. Glucose, maltose and 
sucrose were fermented with the formation of acid but no gas. 
Lactose and mannitol were not fermented. All the cultures 
liquified gelatin. In 0.2 per cent soluble starch all the cultures 
produce erythrodextrin within eight days. On potato slants the 
growth was thick, mealy and moist, becoming a yellowish-brown. 

Suspensions in physiological salt solution. When twenty-four- 
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hour agar cultures at different pH’s were suspended in physio- 
logical salt solution the following differences were noted: 


pH range Description 
5.2 Homogeneous; no flocculation, giving stable suspensions 
5.6 Homogeneous suspensions; flocculation within twenty-four hours 
6.3 Difficult to suspend; remains flaky; complete flocculation 
7.8 Same as at pH 6.3 


All the cultures grown on agar below pH 6 give homogeneous 
suspensions. Those grown above pH 6 are increasingly difficult 
to suspend as the pH increases. 

Pampana’s test with trypaflavine (acriflavine). When 0.5 ce. 
portions of bacterial suspensions are added to 1 cc. portions of 
acriflavine in physiological salt, the cultures grown on agar at 
pH’s below 5.6 are generally inagglutinable, while those grown 
above pH 6 are agglutinated. There is, however, considerable 
difficulty in getting comparable suspensions for this test and the 
results are merely suggestive. 


PART II. THE NATURE OF THE LYSIS OF B. CEREUS AS OBSERVED ON 
YOUNG AGAR CULTURES AT pH’s oF 6 AND BELOW 


When broth cultures at pH’s ranging from 5.15 to 8.2 were 
streaked to 1.5 per cent agar adjusted to pH’s corresponding to 
those of the broth cultures, it was found that the cultures below 
pH6 showed, either within fourteen hours at 37° or a slightly longer 
time at room temperature, raised, white and non-spreading colo- 
nies which gave by reflected light a marked iridescence of green, 
blue and brown with the beginnings of cleared areas. This iri- 
descence was never observed at higher pH’s, nor did these cleared 
areas resemble the pellucid areas observed in colonies growing on 
agar at higher pH’s. 

Andervont and Simon studied the pellucid areas which de- 
veloped on agar cultures of B. cereus. The pits observed on such 
cultures were preceded by the formation of little elevated colo- 
nies, which, it seemed, developed underneath the thick growth of 
sporangial forms and finally projected through the surface. The 
authors came to the conclusion that the formation of pits or pel- 
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lucid areas takes place only when vegetative forms of the organ- 
ism have reached the surface of the surrounding sporangial 
growth; that the process is not due to a principle which can be 
separated from the organism in question by filtration, washing 
and centrifugation; that the potentiality of this type of lysis is 
inherent in the spore and that it does not become manifest in the 
absence of oxygen. They found that, during the process of lysis, 
the cellular contents of the vegetative forms disappear and finally 
free granules appear. Filtrates in two experiments out of four 
gave growth of the original organism after the lapse of a week. 
The authors conclude that the phenomenon differs from that de- 
scribed by Twort and d’Herelle. A thermolabile independent 
agent was not present. The process ends in granule formation 
while the cell wall remains intact. 


a. pH, age, temperature and colony form where lysis appears 


The effect of pH’s ranging from 5.15 to 8.2 was studied, an 
attempt being made to control all other factors. The agar below 
pH 6 is much softer than that above and is thus a variable factor. 
However the temperature and age of the culture could be con- 
trolled. The lysis and accompanying iridescence was never 
observed above pH 6.05. At pH’s ranging from 5.15 to 6.0 it 
can, however, be generally observed. 

The age of the colony at which lysis was first noted varied. 
At pH 5.15 it appeared within fourteen hours, at pH 5.45 within 
twenty hours, at pH 5.6 within twenty-four hours, incubation 
being at 37°. At room temperature, pronounced iridescence and 
lysis developed within thirty-six hours. 

Colonies which show iridescence and lysis are faintly metallic, 
massed, discrete and non-spreading. They are easily removed 
from the agar. 

Reference to figures 1 and 2 will show the difference in colonies 
after twenty-seven hours at 37°, where the only variable factor 
isthe pH. The colony at pH 5.6 is iridescent and non-spreading, 
with a cleared area in the center and a leaf-like margin. The 
colony at pH 7.9 is of the normal type. 
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b. Composition of colonies at pH’s 5.165 to 6.0 


At the beginning of lysis, the center of the lysed area shows a 
few short rods (one-third normal length), granular and disinte- 
grated rods and a few spores. The white area immediately sur- 
rounding the lysed area shows at this time swollen, odd-shaped 
rods, disintegrating rods and some spores. The periphery shows 
some short and some normal rods (fig. 1). Within forty-eight 
hours, the lysed area may or may not show spores and a few short 
Gram-negative rods. The white area immediately surrounding 
the lysed area now shows swollen granular rods, fragments of rods 
and a few spores, while the outer edge shows short normal rods, 
some spores and some swollen granular rods. 

After longer periods of incubation (five to seven days) when the 
colony appears to have attained a stationary phase and is largely 
glass-like in appearance, no further changes being noted (fig. 12), 
the cleared area shows a very few rods which are delicate and 
beaded and few if any spores. The white edge shows spores and 
some large swollen rods. The colony at this time is bronze in 
color by reflected light, and a deposition of crystals is noted. 

Occasionally a colony has a white raised center and a lysed 
area surrounding it. Such a center is composed of spores. 


c. Transplants from lysed areas 


If a transfer from a lysed area of an old colony is made to neu- 
tral agar, colonies are obtained which are concave, glistening, 
moist, slightly spreading at the edge, and composed of rods which 
are disintegrating. From the lysed area of a young colony, 
typical spreading colonies are obtained on neutral agar. 


d. The effect of transplanting from lysed areas to agar plates 
at different pH’s 


If a needle is touched to the center of a lysed area of a twenty- 
four-hour old colony and then to plates containing agar at differ- 
ent pH’s, it is found that lysis and iridescence are not as marked 
as they are on the original plates at corresponding pH’s. None 
are observed above pH 6, and the colonies developing at lower 
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pH’s give rise to secondary colonies. Spreading, normal colonies 
develop above pH 6.3. 

Agar to agar transplants cause delay in the appearance of iri- 
descence and lysed areas at low pH’s. 


e. Relation of lysis to spore formation 


Spores are formed throughout the pH range 5.15 to 8.4. A 
possible relation between spore formation and the type of lysis 
observed at low pH’s is questioned on account of the following 
facts. Colonies on agar adjusted to pH’s above 6 may be com- 
pletely composed of spores, and show neither lysis nor irides- 
cence. They may have opaque white centers and spreading 
peripheries, with pellucid areas, in which both spores and normal 
rods are present, but they are not characterized by either the 
iridescence or the lysis observed in colonies below pH 6. 

Colonies at low pH’s may develop spores during the first twenty- 
four to forty-eight hours, and give no evidence of lysis after con- 
tinued incubation. Such colonies are, however, only occasionally 
obtained. At pH’s below 6, lysis of the colony appears early, 
often within twelve to fourteen hours, and the lysed area gener- 
ally shows very few spores. When, upon continued incubation, 
the peripheries spread, lysis does not appear between these and 
the white, heaped rim of the colony. 


f. Experiment to determine whether or not the lytic agent is separable 


from the organisms on agar plates 


Two plates, on which most of the colonies had undergone lysis, 
were washed off with sterile physiological salt solution. The 
resulting suspension was filtered through a Berkefeld W candle. 
Three broth tubes, adjusted to a pH of 6.0, were then inoculated 
with one loopful of a six-hour broth culture. To the first tube 
was added 1 cc. of the above filtrate, to the second tube were 
added 2 cc., while the third tube was retained as control. At 
the end of about eighteen hours at room temperature the control 
tube and the tube to which 2 cc. of the filtrate had been added 
had about equal growth. The other tube, receiving 1 cc. of the 
filtrate, possessed decidedly less of the sedimentary, granular 
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growth. This experiment was repeated, but there seemed only 
slight indications of any marked effect. 


g. Experiment to test the presence of a lytic agent in filtrates from 
broth cultures at low pH’s 


A forty-eight-hour broth culture, with an initial pH of 5.6, 
was filtered through a Berkefeld N candle. Two cubic centi- 
meters of the filtrate were added to tubes containing about 8 cc. 
of neutral agar. The tubes were then cooled, after shaking, to 
form slants. These slants were inoculated with young acid, neu- 
tral and alkaline broth cultures. The growth which developed 
on the slants streaked with acid and neutral broth cultures showed 
lysis at the bottom of the tube early. At the end of seventy-two 
hours all three showed lysis. 

This same filtrate was tested in another way. To five-hour 
cultures from acid, neutral and alkaline broth 3 cc. of the filtrate 
were directly added. After shaking, the tubes were incubated at 
37° for twenty-four hours. They were then streaked to neutral 
agar. About 40 per cent of the colonies from the acid broth cul- 
tures containing the filtrates were smooth and non-spreading; the 
remainder were intermediate. The colonies from the neutral and 
alkaline broth tubes containing the filtrate were similar—gener- 
ally non-spreading. However, those from the alkaline tubes 
had lysed areas. 

These preliminary experiments suggest that though the original 
lysis occurs at low pH’s, the agent itself may, when once formed, 
be more active at higher pH’s. 


h. Experiment to determine whether or not filtrates of broth cultures 
at low pH’s possess lytic power, and whether this power can be 
increased by feeding 


An old broth culture (pH 5.6) was filtered through a Berkefeld 
N candle. One cubic centimeter of this filtrate was added to a 
two-hour broth culture (pH 5.6). Good growth was obtained. 
After forty-eight hours this culture was again filtered and the 
original process repeated. After 18 such successive filtrations 
new broth tubes were inoculated and amounts of filtrate varying 
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from 1 to 5 cc. were added. These tubes were allowed to stand 

for several weeks. At the end of this period they were poured 

together and filtered through a Berkefeld N candle. This fil- 

trate was tested by adding varying amounts of it to four-hour 

broth cultures. Results are collected in table 2. The pH’s of 
TABLE 2 

Effect of lytic filtrate on broth cultures of B. cereus 


GROWTH RESULTS IN TUBES CONTAINING 10 cx BROTH AND 


TIME OF 
pH INCUBATION 2 drops 10 drops 20 drops No filtrate (contro 
filtrate filtrate filtrate 
10 hours ~ ~ Granular, sedimentary 
6 79 * . * . 
|| 72 hours Granular, sedimentary 
- 10 hours — - _ Cloudy 
‘ \ ‘ on : 
|| 72 hours ® ® 8 rurbid, ring pellicle, floc- 
culent sediment 
. 10 hours _ - -- Same as at pH 7 
8 4 79 i ‘ ~ 
72 hours & ® S Same as at pH 7 


— denotes less growth visible than at the time of adding the filtrate; * denotes 
barely perceptible cloudiness; * denotes less growth than in control tubes 


TABLE 3 
Colonies on agar at different pH’s from inoculations with broth cultures at 
corresponding pH’s to which had been added varying amounts of filtrate 


COLONIES FROM BROTH CONTAINING 
pH ——— = - : 
2 drops filtrate 10 drops filtrate 20 drops filtrate 
6 No iridescence; no | No iridescence; no | No iridescence; no 
lysis | lysis lysis 
7 | No iridescence; no | No iridescence; no | No iridescence; no 
lysis lysis lysis 
8 | Lysis and iridescence| Lysis and iridescence; Lysis and iridescence 


! 


the broth tubes used were 6, 7 and 8. Three controls for each 
pH were run. The tubes were shaken for a few minutes and 
allowed to stand for a short time, after which one loopful was 
transferred from each broth tube to an agar plate of correspond- 
ing pH. Table 3 gives the results of this experiment. 








68 ESTHER WAGNER STEARN AND ALLEN E. STEARN 


This filtrate is thus seen to possess an agent which, when added 
to broth cultures, causes a clearing of the broth cultures, at the 
end of seventy-two hours only a barely perceptible cloudiness, 
due to the presence of a few normal rods, being seen. Colonies on 
agar at pH 8, obtained from young broth cultures to which had 
been added a small amount of filtrate, showed both lysis and 
iridescence. 

This experiment indicates that the lytic agent is separable from 
the organism, and active at high pH’s 


DISCUSSION 


B. cereus, when grown in broth at low pH’s, adapts itself to 
such conditions by growing in clumps and long chains, the rods 
becoming shortened and thickened. There is, in addition to this, 
evidence of changes in surface and internal structure or compo- 
sition as shown by varying sensitivity to gentian violet, varying 
isoelectric range, and varying appearance of suspensions in physio- 
logical salt solution. 

Subculturing from broth cultures at pH’s 5.15 to 6 to agar at 
corresponding pH’s gives colonies and growths on slants which are 
not only dissimilar in structure and appearance to those develop- 
ing on agar at higher pH’s, but which develop progressively en- 
larging lysed areas. Such colonies are markedly iridescent, finally 
attaining a bronze-like appearance. 

By consecutive filtration and seeding, a filtrate was obtained 
which not only cleared the broth cultures of B. cereus but which, 
when added to broth cultures, produced colonies on agar that 
showed both iridescence and lysis at pH’s where neither normally 
appeared. 

Filtration of broth cultures at low initial pH’s was complicated 
by probable adsorption of the agent. For this reason it was 
deemed advisable to allow the culture to age and become alka- 
line before filtration. 

In a final paper of this series the general results will be dis- 
cussed in greater detail. 
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SUMMARY 


1. The changes observed in B. cereus by culturing through a 
pH range from 5.15 to 8.4 are given. 

2. Characteristic of colonies on agar at pH’s below 6 are lysed 
areas which are preceded in appearance by iridescence, and which 


possess unique properties, the nature of which is indicated 
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PLATE 2 

Fic. 6. B. cereus after five days at room temperature on 1.5 per cent beef in- 
fusion agar at pH. 5.15. 4X. (Entire colony is iridescent showing beginning of 
lysis.) 

Fic. 7. B. cereus after five days at room temperature on 1.5 per cent beef infu- 
sion agar at pH 5.6. 4 

Fig. 8. B. cereus after five days at room temperature on 1.5 per cent beef in- 
fusion agar at pH 6.8. 4 

Fic. 9. B. cereus after five days at room temperature on 1.5 per cent beef in- 
fusion agar at pH 7.8. 4 


Fic. 10. B. cereus after five davs at room temperature on 1.5 per cent beet 
infusion agar at pH 8.0. 4 
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PLATE 8 


Fic. 11. B. cereus after forty-eight hours at 37° on 1.5 per cent nutrient agar 
Tube 1, pH 5.38; 1 X (iridescent with lysed areas). Tube 2, pH 6.0; 1 X (irides- 
cent with lysed areas). Tube 3, pH 7.0;1 XX. Tube 4, pH 8.2; 1 

Fig. 12. B. cereus after one week incubation at 37°, pH 5.6, 4 
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INTRODUCTION 


The position of the thermophilic bacteria? in any adopted sys- 
tem of classification has long been a subject of considerable con- 
troversy. Some writers have considered the thermophiles as a 
distinct group while, according to others, they may be regarded 
as varieties of the common spore-forming soil and water organisms. 
The reports of previous investigators and our own study suggest a 
close relationship between them and the so-called subtilis group. 

The known thermophilic bacteria are rods which are usually 
Gram-positive and vary considerably in size. They may occur 
singly, in pairs or in chains. Long filamentous forms are seen 
frequently. Their oxygen requirements extend over a wide 
range, some being aerobic, others facultative, and others anaerobic. 

They are, with very few exceptions, non-pathogenic and vary 
to a considerable degree with respect to carbohydrate fermenta- 
tion, gelatin liquefaction, nitrate reduction, action in milk, indol 
and hydrogen sulphide production, pigmentation, and growth in 
the various culture media. Gentian violet inhibits their develop- 
ment (Cameron, 1930). Shaw (1928) reported inhibition of sup- 
posedly Gram-negative thermophiles by crystal violet. 

1 This paper covers in part the thesis submitted to the Graduate School of Yale 
University by the senior author as part requirement for the degree of Doctor of 
Philosophy. 

? The terms ‘‘thermophilic bacteria’ and ‘‘thermophiles’’ are applied in this 
paper to bacteria having an optimum growth temperature of 55° or above. Ordi 


nary thermoduric organisms as, for example, certain coccus forms occurring in 
milk, are not included here. 
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The literature on thermophiles is concerned mainly with four 
questions, namely (1) classification and taxonomy, (2) the demon- 
stration of growth at high temperatures (55° and above) of known 
organisms, (3) acclimatization of non-thermophiles to higher 
growth temperatures, and vice versa, and (4) environmental and 
other conditions which favor resistance to heat. 

An observation which is cited quite often is that of Dallinger 
(1887), who by gradual exposure to increasing temperatures over a 
period of seven years acclimated a certain flagellate to 70°C., 
which at the beginning of the investigation did not withstand a 
temperature of 23°C. Davenport and Castle (1896) succeeded in 
accustoming tadpoles to higher temperatures. Several appar- 
ently successful attempts at acclimatization have been made with 
known members of the subtilis group. 

The influence of increased concentration of medium on resist- 
ance of bacteria to heat has received some attention. It has been 
suggested that such treatment may be instrumental in producing 
a cell with a low moisture content and consequently a higher ther- 
mal resistance. 

Several theories have been advanced to explain the ability of 
protoplasm to resist temperatures generally considered as lethal, 
but, in so far as the present writers are aware, few extended 
efforts have been made to gain an actual insight into the mecha- 
nisms permitting continued functioning at these temperatures. 
No definite information concerning the nature of thermal resist- 
ance with respect to maximum temperature of active growth has 
come to the authors’ attention. 

Space does not permit of the inclusion here of an historical 
review of publications on the limitation of bacterial growth at 
higher temperatures. For such a review the reader is referred to 
the Ph.D. dissertation of the senior author deposited in the Yale 
University Library. 

At the beginning of the present work chief interest was centered 
in the distribution of obligate thermophiles in nature, and in the 
conversion of non-thermophiles into strictly thermophilic forms. 
The procedures adopted were at first purely bacteriological but, 
as the investigation continued, interest in the mechanisms which 
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permit growth at higher temperatures became more and more 
intense. The apparently close relationship observed between 
thermophiles and the common spore-forming bacteria, the possible 
role of desiccation in the maintenance of life at high temperatures, 
and the suggestive recent literature bearing on oxidation-reduc- 
tion aspects, led to an attack on the problem of growth at high 
temperatures by (1) continued acclimatization attempts with 
members of the subtilis group, (2) desiccation procedures, and 
(3) heat lability studies of certain enzymatic oxidation-reduction 
processes and their possible relation to high temperature toler- 
ance and growth. 


EXPERIMENTAL 


Attempts were made to raise the maximum growth tempera- 
tures of certain well-known members of the subtilis group, to 
confirm, if possible the successful acclimatizations reported by 
other investigators. 

Beef infusion broth and agar (2 per cent) adjusted to pH 7.0 
were employed throughout this study. All cultures were trans- 
ferred daily in the broth and on the slanted agar, and during the 
incubation were kept in light test tube racks, to permit of uniform 
heating. Temperature determinations were made with thermom- 
eters held in the racks. Thelco electric incubators were used 
for temperatures ranging from 37 to 60°C., and Freas electric and 
Leitz gas-heated for temperatures above 60°C. With all three 
types of incubators the thermometers kept inside registered a 
temperature approximately one degree lower than the regular 
thermometer projecting through the roof of the incubator. By 
keeping the inside thermometers in test tubes containing water, 
temporary fluctuations in the temperature readings were reduced 
toa minimum. 

After establishing the maximum growth temperature for each 
organism, transfers were made daily at this temperature, and 
from time to time the temperature was raised 0.25 to 0.5 degree. 
Cultures died frequently during this treatment, necessitating a 
return to the original stock culture. This procedure was followed 
for about one year, the acclimatization process being controlled 
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occasionally by determining the maximum temperatures of con- 
tinued growth (on two or more transfers) of second twenty-four- 
hour agar cultures grown at 37°C. 

The strains that were employed in this study appear to have 
had fixed maximum growth temperatures; at least, they did not 
lend themselves for this type of experimentation in the period of 
time they were studied, as will be seen in table 1. 

An almost negligible degree of acclimatization to higher tem- 
peratures was attained with B. mycoides, B. prausnitzii, B. mega- 
therium D, and B. megatherium N.  B. subtilis F, B. mesentericus 


TABLE 1 


Showing maximum temperatures of growth of acclimatization and control cultures 





| 


| ACCLIMATIZATION CULTURES CONTROL 

ORGANISMS A —— CULTURES 

| In broth , On agar (ON AGAR) 

B. subtilis F. | 56-59 | 59-60 | 59-60 
B. vulgatus F. . 56 56 56 
B. mesentericus F . . 51-52 53-54 | 53 

B. mesentericus A | 51-52 | 53-54 | 52-53 

B. subtilis T | 49-50 49-50 | 49-50 

B. cereus 7 | 47-48 | 49 47-49 

B. megatherium D. | 46 | 47 | = 43-44 

B. megatherium N... . 46 47 43-44 

B. prausnitaii 45 45 43-44 

B. mycoides | 43-44 | 43-44 | 41-42 


Note: These temperatures were approximately one degree lower than those 
registered by the regular incubator (top) thermometers. 


F, B. mesentericus A, and B. cereus showed practically no ability 
to adapt themselves to temperatures of growth above their 
already established maximum. 

Several of the strains revealed lower maximum temperatures of 
growth in nutrient broth than on agar medium. B. subtilis F 
varied considerably with respect to its highest growth temperature 
in broth. B. subtilis F and B. vulgatus F grew at 55°C., and B. 
mesentericus F and B. mesentericus A tolerated a maximum tem- 
perature only slightly less. 

The relatively short period (one year) in which the adaptation 
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experiments were conducted, and the presumably harmful effects 
of temporary fluctuations in the temperatures of the incubators, 
do not permit of a definite conclusion of inadaptability of the 
organisms studied. The experiments indicate, however, that 
acclimatization of bacteria to higher growth temperatures is more 
difficult than one would be led to expect from the reports of other 
investigators. 

The viscid nature of the growth produced on agar by one organ- 
ism (B. megatherium N), which acquired the ability to grow from 
two to three degrees above the original maximum, and certain 
changes in the oxygen requirements accompanying rise in temper- 
ature, as indicated by the inferiority of broth tubes in the support 
of growth at high temperatures, stimulated the following studies 
on partial desiccation and on oxidation-reduction mechanisms as 
possible factors determining maximum growth temperatures. 

DESICCATION EXPERIMENTS 

The possibility of the viscid substance produced by B. mega- 
therium N acting as a hygroscopic protector against excessive 
moisture suggested itself. Although B. megatherium D, which 
was acclimated to the same temperature as N, did not appear 
viscid on the same medium, the absence of a similar, but less 
extensive, mechanism or “hygroscopic mantle’’ need not be as- 
sumed. Buchanan (1909) cites references and presents data sup- 
porting the theory that bacterial slimes and gums are a result of 
swelling or solution of the cell wall or capsule. 

Numerous attempts of the writers to raise the maximum growth 
temperatures of members of the subtilis group by cultivation in 
media of high osmotic pressure proved unsuccessful. For in- 
creasing the osmotic pressure, or rather decreasing the relative 
water content of the nutrient broth, 20 to 40 per cent peptone, 
10 to 15 per cent sodium chloride, and 30 to 35 per cent lactose 
were added separately in the highest concentrations which sup- 
ported growth. After continued cultivation in these different 
media the maximum temperatures of growth were determined in 
the media of lowered water content and in ordinary nutrient 
broth. Furthermore, cultures in media of high concentration 
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were allowed to evaporate almost to dryness at different tempera- 
tures, and their maximum growth temperatures determined. 

The partially desiccated media not only failed to increase the 
heat tolerance, but were inferior to ordinary meat extract and 
beef infusion broths in their support of growth at the higher 
temperatures. 

Finally, cells of B. subtilis F were also desiccated in washed, 
ignited sand, in a vacuum and in an atmosphere of carbon dioxide 
gas over sulphuric acid, for a period of six months. When inocu- 
lated into beef infusion broth, the cells failed to grow at tempera- 
tures above the original maximum. 


OXIDATION-REDUCTION STUDIES 


The unsuccessful attempts to raise the maximum growth 
temperatures appreciably by subjecting the organisms to grad- 
ually increasing temperatures and to desiccation led to a search 
for catalytic and fermentative mechanisms which may play an 
active réle in the determination of the upper thermal range limits. 
The inferiority of broth to sloped agar in the support of bacterial 
growth at the higher temperatures indicated a dependence of 
growth at these temperatures upon a definite oxidation-reduction 
potential, and suggested the following study of bacterial growth in 
deep agar at various temperatures. 

Deep infusion agar containing 1 per cent glucose was used 
throughout these experiments. The inoculations were made 
after cooling the melted agar to about 45°C. The cultures were 
incubated through wide ranges of temperature. In order to de- 
tect the effects of acclimatization to higher temperatures the 
experiments were controlled by the simultaneous use of second or 
third twenty-four-hour transfer cultures (37°C.) of the corre- 
sponding stock cultures of the respective organisms. 

The results revealed differences in the temperature influence 
on the different species, and even strains. For example, B. 
cereus, B. prausnitzii and B. subtilis F showed an inability to grow 
in the depth of the agar tubes at the higher temperatures. B. 
mycoides, on the other hand, when subjected to its ordinary 
maximum growth temperature until on successive transfers 
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at this temperature no growth could be observed at or near the 
surface of the agar, retained its original property of growing 
in the depth of the tubes. B. vulgatus grew micro-aerophili- 
cally after continued cultivation in deep agar at its maxi- 
mum growth temperature. B. megatherium N, after acclimat- 
ization to growth on the surface of agar at 47°C., exhibited 
microaerophilic properties when incubated at 37°C. in glucose 
infusion agar. The control (incubated at 37°C.) gave both sur- 
face and subsurface growths. 

The group of thermophilic bacteria studied contained aerobic, 
facultative anaerobic and microaerophilic members. The micro- 
aerophiles produced surface growth when the culture tubes were 
kept in jars containing a solution of copper sulphate and covered 
with close-fitting glass plates to prevent excessive desiccation. 
After one hundred forty-four hours of incubation in this more or 
less closed system visible microaerophilic growth of the following 
organisms was observed at the temperatures indicated. 


| 
TEMPERATURES AT WHICH MICROABROPSILIC 





ORGANISMS GROWTH OCCURRED 
SI, SII, SI | 44-45 
SIV 47-50 
1492 gp 100 37 
1503 gp 100 44 45 
29 and H37 44-45 


Four of these thermophiles (8 1,5 II, S Ill and S IV) were ob- 
tained from Wisconsin University, 2 (1492 group 100, and 1503 
group 100) from the National Canners Association Laboratory, 
and 2 (29 and H 37) were isolated by the writers, the former 
from human feces, and the latter from soil. 

In interpreting the above observations, the influence of tem- 
perature upon the medium as well as upon the organism must be 
considered. By adding methylene blue to the tubes of beef ex- 
tract agar in a final dilution of 1:100,000 and holding the tubes 
at 37°, 44° and 55°C., a difference in oxidation-reduction potential 
could be detected at the different temperatures. After twenty- 
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four hours the tubes placed at 37° and 44° remained colored 
throughout, whereas the one which was subjected to 55° was 
colored only for a distance of 3 cm. from the surface. 

While this influence of temperature on the oxidation-reduction 
potential of the medium may be responsible for the lessened abil- 
ity of the organisms to grow in the depths of the tubes at higher 
temperatures, the inability to grow aerobically or the taking on 
of a microaerophilic character on subjection to high temperatures 
indicates changes in the properties of the bacterium. The re- 
searches of McLeod and Gordon (1923) suggested that bacterial 
catalase may be involved in such changes. These investigators 
based their classification of bacteria on the formation of catalase 
and hydrogen peroxide, and on their sensitiveness to the peroxide. 
They postulated that anaerobes are incapable of aerobic growth 
on account of their extreme susceptibility to hydrogen peroxide, 
and because they are deficient in catalase. 

The inhibition of aerobic growth of B. mycoides, and the micro- 
aerophilic growth induced by higher temperatures upon other 
organisms, pointed to a possible inactivation of catalase by tem- 
peratures above their maximum temperatures of growth. 

The general acceptance of cellular oxidation as a catalyzing 
process, and the apparent provision of the various bacterial species 
with different respiratory mechanisms, suggested the advisability 
of studying certain heat-labile catalytic oxidation-reduction proc- 
esses and their possible relation to the limitation of bacterial 
growth at higher temperatures. 

Keilin (1928-29) demonstrated the important réle of the so- 
called “‘indophenol”’- or ‘‘paraphenylenediamine oxidase” in the 
cellular respiration of yeast. He found that all of the factors 
which inhibit the activity of paraphenylenediamine oxidase or 
destroy it completely affect the oxygen uptake of the cells in the 
same way. The oxidase was responsible for the oxidation of 
cytochrome, particularly its non-autoxidisable components, while 
dehydrogenases in the living cell activated organic substances, 
with the resultant reduction of the cytochrome. All factors 
which inhibited the activity of the dehydrogenase system of the 
cell, such as narcotics, heating at 52°C., and exposure to low tem- 
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peratures, delayed the reduction of oxidized cytochrome. Keilin 
therefore concluded that cytochrome acts as a carrier between 
two types of activating mechanisms of the cell: (1) the dehydro- 
genases which activate the hydrogen of organic molecules, and 
(2) the indophenol (or paraphenylenediamine) oxidase which 
activates oxygen. 

The studies of Quastel and his co-workers on the activation of 
different substrates by resting bacteria tend to justify a search for 
growth-limiting factors among heat-labile catalytic oxidation- 
reduction systems. Quastel, Stephenson and Whetham (1925) 
were able to show that the capacity of certain bacterial species to 
grow under anaerobic conditions is closely related to their ability 
to activate hydrogen acceptors in the presence of hydrogen do- 
nators. They set up the three following conditions which to them 
seem necessary before growth may occur. 

(1) The organism must be able to secure energy, either by 
anaerobic decomposition of the substrate (for example, glucose 
into lactic acid) or by the oxidation of the substrate. 

(2) The organism must be able to activate the substrate so 
that the latter is capable of reaction (for example, oxidation or 
reduction which it does not necessarily undergo in the absence of 
bacteria). 

(3) The products of oxidation (or decomposition) of the sub- 
strate, or the substrate itself, must be capable of entering into the 
synthetic operations of the organism. 

Cook and Stephenson (1928) studied dehydrogenase activity 
under conditions in which molecular oxygen served as the hydro- 
gen acceptor. They found Bact. coli capable of oxidizing a num- 
ber of substrates. Cl. sporogenes, under the same conditions, was 
unable to activate any of the tested substances. These oxidation 
reactions were found not to depend on the presence of living cells. 

Dehydrogenase activity in the presence of oxygen, with the 
possible formation of hydrogen peroxide, and the formation of 
this substance during autoxidative processes, suggest a possible 
functioning of peroxidase in cellular oxidation. Callow (1926) 
demonstrated the heat stability of bacterial peroxidase. Harri- 
son (1929) concludes that the indophenol (or paraphenylenedi- 
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amine) reaction is no criterion for the presence of an activator of 
oxygen. He does not disprove the existence of an indophenol oxi- 
dase, but shows that the indophenol oxidation can be brought 
about without the agency of a specific oxidase. In the presence of 
peroxidase, paraphenylenediamine was oxidized to the di-imino 
compound by hydrogen peroxide formed during the aerobic oxi- 
dation of hypoxanthin by xanthine oxidase. 

These researches pointed to important réles played by oxidase, 
peroxidase, catalase and dehydrogenase in catalytic oxidation- 
reduction, and stimulated the carrying out of the following heat- 
lability studies of these enzymes with respect to the relation be- 
tween such labilities and the maximum temperatures of growth. 

The incompleteness of our knowledge of the réle played by 
these heat-labile catalytic systems and the possible importance of 
these and perhaps other oxidative-reductive mechanisms is evi- 
dent. By simulating as far as possible the conditions prevailing 
in the acclimatization attempts, and by employing organisms 
having widely different maximum temperatures of growth, the 
writers hoped to gain at least a partial insight into the mechanisms 
which are responsible for the inhibitory effects of higher tempera- 
tures on bacterial development. Their attempts have met with 
only partial success, as will be seen. 

The heat lability studies were made with the members of the 
subtilis group which were used in the acclimatization experiments, 
and with certain obligate thermophiles. The lowest maximum 
temperature of growth of the organisms included in the list was 
that of B. mycoides, namely 41 to 42°C.; the highest was that of 
the thermophiles, 69 to 71°C. 


METHODS 


The bacterial suspensions used in the heat-lability tests were 
prepared by washing off twenty-four-hour (37°C.) growths of the 
organisms from beef-extract agar in Kolle flasks with 0.85 per cent 
saline solution. The routine of this procedure was always made 
as nearly uniform as possible. 

Portions of the suspensions were heated for twenty to twenty- 
four hours through wide ranges of temperature and examined 
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for the presence of the following catalytic or enzymatic agents: 
“‘naraphenylenediamine-oxidase,”’ peroxidase, catalase and “‘suc- 
cino dehydrogenase.’’ Tests were made also for hydrogen perox- 
ide. The importance of making the different enzyme tests at as 
nearly the same time as possible became apparent quite soon. 
Also the necessity of detecting traces of hydrogen peroxide in the 
suspensions. 

The test with paraphenylenediamine proved useful not only for 
the detection of oxidase, but also as an indicator of dehydrogena- 
tion activities; the secondary reduction of the oxidized para- 
phenylenediamine proved to be an adequate criterion of hydrogen 
activation, with most of the organisms. ‘The inter-relationship 
of the activities of the different systems will be made evident in 
the experiments described below. 


Oxidase 


Paraphenylenediamine gives a red to brown color on oxidation 
in an alkaline medium. It has been found efficacious as a substi- 
tute for the ‘Nadi’ reagent in the study of bacterial oxidative 
processes by Loele (1929), who used it in saline solution or distilled 
water without adjusting the H-ion concentration. Keilin (1928- 
29) found a neutralized 1 per cent solution of paraphenylenedi- 
aminehydrochloride, when added to a suspension of yeast buffered 
at pH 7.3, one of the best reagents for revealing the presence of a 
thermolabile oxidase in yeast. In preliminary experiments in 
which known oxidase-positive and oxidase-negative organisms 
were used, an acceleration of the autoxidation of the indicator to 
the purple compound in acid media, and the adequacy of a pH 
of 7.3 were demonstrated by the writers. 

In each routine test for paraphenylenediamine-oxidase five 
different tubes of buffered bacterial suspension* were employed. 
The five tubes were treated as follows: 

After each heating and cooling 
Tube 1 remained untreated. 


Tube 2 was heated for fifteen minutes in a boiling bath, and 
cooled. 


* Two cubic centimeters of bacteria-KH,PO,-NaOH mixture to each tube. 
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Tube 3 received 0.1 cc. of n/50 KCN. 
Tube 4 received 1 drop of 1:100 H,O, solution. 
Tube 5 received 3 drops of horse-radish peroxidase.‘ 


To each tube was added 0.5 cc. of a freshly prepared 1.0 per cent 
solution of paraphenylenediamine in KH,PO,-NaOH buffer 
(pH 7.3). After shaking for seven or eight minutes color readings 
were made immediately and at convenient intervals. The shak- 
ing was not repeated after the first reading, in order to permit 
observations on dehydrogenase activities which were indicated by 
a secondary decoloration in the depth of the tubes. All of the 
heated portions of a given bacterial suspension were tested simul- 
taneously ; hence, for each organism subjected to heating at eight 
different temperatures a set of 40 tubes was required. 

Tube 2 (heated at 100°C. for fifteen minutes) served as a control 
on auto-oxidation. The potassium cyanide in tube 3 inhibits 
oxidative processes, as comparison with no. 2 should reveal. In- 
hibition of oxidation by the cyanide is indicative of the presence 
of oxidase in the KCN-free suspensions. Tube 4 (receiving the 
H,0.) serves as a test for peroxidase; and tube 5 (containing the 
“horse-radish peroxidase’’) is included in the series to detect the 
presence of H,O,. The added peroxidase supplements any bac- 
terial peroxidase that may already be present in the suspension. 

Thus, a positive color test (red to brown) in tube 1 indicates 
the presence of the oxidase, providing that tube 2 reveals thermo- 
lability (negative color test) due to the fifteen minutes heating, and 
tube 3 reveals an inhibition (no color reaction) of the active princi- 
ple by the potassium cyanide. Tubes 4 and 5 are employed for 
the detection of peroxidase and peroxide, respectively, and sup- 
plement the other tests made for these agents, as shown below. 


Peroxidase 


Peroxidase may be detected by mixing the bacterial suspension 
with a watery suspension of benzidine and various amounts of 
hydrogen peroxide. Benzidine blue is formed in the presence of 
peroxidase. A H-ion concentration of pH 5.0 appears to be most 
satisfactory. 


‘ Water extract of horse-radish. 

















BACTERIAL GROWTH AT HIGHER TEMPERATURES SY 


The tests for peroxidase were carried out by mixing five drops of 
the bacterial suspension on a white procelain plate,’ with two 
drops of phthalate buffer (pH 5.0), one drop of a 0.5 per cent finely 
divided benzidine suspension (adjusted to pH 5.0) and one drop of 
hydrogen peroxide of varying dilutions. Six tests were made 
with each buffered mixture of benzidine and bacterial suspension. 
One received no H,O:, and the other five one drop of 1:50, 1: 100, 
1:1000, 1:10,000 and 1:100,000 dilutions of H,O:, respectively. 
Readings were usually made after the preparations had been 
allowed to dry overnight. 


Catalase 


This was detected by mixing two drops of the bacterial suspen- 
sion with one drop of phosphate buffer (pH 7.3) and one drop of a 
1:50 solution of H,O., ona glass slide. Examination for the evolu- 
tion of gas bubbles was made with the unaided eye and, when 
necessary, with the aid of the microscope. 


Hydrogen peroxide 


Three different tests were made for peroxide, as follows: 

(1) Particles of titanium sulphate were added to several drops 
of the bacterial suspension. A yellow color indicates the presence 
of peroxide. 

(2) A drop of afresh mixture of dilute solutions of ferric chloride 
and potassium ferricyanide was added to a few drops of the bac- 
terial suspension. In the presence of peroxide the ferric is re- 
duced to ferrous iron, with the characteristic green to blue color 
production (Schénbein, 1860). The possible action of oxidizing 
and reducing agents other than peroxide detracts considerably 
from the reliability of this test in complex biological systems. 

(3) This is the same as that employed in the peroxidase test. 
Four or five drops of bacterial suspension are mixed with two 
drops of buffer (pH 5.0), a drop of benzidine suspension and one 
or two drops of horse-radish extract (peroxidase). The formation 
of benzidine blue indicates the presence of peroxide. The reac- 
tion is retarded by reducing mechanisms. 


° A glass plate resting on a white background may also be used 
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The detection of peroxide in the presence of catalase is difficult. 
With inhibition of the catalase, and consequent accumulation of 
peroxide, an oxidation in the presence of heat-stable peroxidase 
may be effected. Such oxidation may mask the thermolability 
of the ‘‘oxidase.”’ 


““Succinodehydrogenase”’ 


Methylene-blue reduction was studied under anaerobic condi- 
tions at pH 7.3, and in the presence of sodium succinate. Since 
the bacterial suspensions were not washed, hydrogen donators 
other than the succinate may have been activated by the bacterial 
dehydrogenases. 

To 1.0 ee. of bacterial suspension 1.0 ec. of KH,.PO.-NaOQH 
buffer (pH 7.3), 0.2 ce. of a5 per cent solution of sodium succinate, 
and 0.3 ec. of a 1:10,000 solution of methylene-blue were added. 
The buffer solution, succinate and methylene-blue were sterilized 
separately by autoclaving. Aseptic technique was employed 
throughout the experiments. 

The tubes (12 by 100 mm.) in which the tests were made were 
fastened around the outside of a glass beaker by means of a rubber 
band and, after filling the beaker with cotton (white background) 
the whole was placed in a Novy jar, which was then evacuated 
with a Cenco hyvae pump and placed in the 37°C. incubator. 
Readings were made after fifteen minutes and at convenient 
intervals thereafter. 


RESULTS 


Proper interpretation of variations in the heat labilities of the 
“systems” under study, and of the interdependence of their activi- 
ties, requires consideration and discussion of results obtained 
with each organism individually. Only those results are pre- 
sented in full detail which were obtained with organisms that 
showed at least a reasonable constancy in the thermolabilities of 
their “‘systems.’”’ They serve to illustrate certain correlations 
between the thermolabilities of the ‘“systems’’ and the growth- 
inhibiting temperatures of organisms which had widely different 
maximum temperatures of growth. 
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Experiment I 


Heat lability studies were carried out simultaneously with the 
three following organisms: No. 1608, group 80 (a facultative 
thermophile which had a temperature limit of 65°C.), and B. sub- 
tilis F and B. mycoides, ordinary subtilis group members (the 
former having a maximum growth temperature of 59 to 60°C., and 
the latter of 41 to 42°C.). 

The three different suspensions were prepared from agar cul- 
tures grown at 37°, and heated twenty to twenty-four hours at 
the following temperatures: 


No. 1608 group 80, 37, 45, 49, 55, 59, 65-66 and 70°C, 
B. subtilis F, 37, 45, 49, 55, 59, 62, 65-66 and 70°C. 
B. mycoides, 37, 42, 45, 49, 55, 59, 65-66 and 70°C. 


After subjection to these different temperatures, the various 
suspensions were tested for the presence of oxidase, peroxidase, 
catalase and peroxide, according to the methods described above.* 
The succinodehydrogenase lability tests were made in a separate 
experiment, but the results are included in tables 1A, 1B and 1C. 

Table 1A presents the results obtained with organism No. 1608 
group 80. It reveals some interesting relationships between the 
labilities of the enzymes and the maximum growth temperature. 

At 65 to 66°C. (maximum growth temperature) the paraphenyl- 
enediamine oxidase begins to weaken, while at 70° C. it is almost 
completely destroyed. At 70° tube 4 in the “oxidase’’ series 
(receiving 1 drop of 1:100 H,O,) reveals a sudden increase in the 
intensity of the color produced, thereby indicating a destruction 
at 65 to 70° of the mechanisms inhibiting oxidation (catalase or 
other reducing systems). Tube 5 fails to show the presence of 
free H,O, at 70°C. 

The benzidine tests for peroxidase also reveal thermolability of 
an oxidase. The control tube (receiving no H,O,) exhibited good 
benzidine-blue production in all of the seven heated tubes but the 
last (70°C.), in which only a trace was observed. The higher 


* In the oxidase test, the KCN control (tube 3) received two drops of m/1,000, 
instead of 0.1 ce. of m/50 KCN. 
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concentrations of peroxide tended to inhibit the oxidation. Al- 
though the activity and nature of the peroxidase are not revealed 
in this test, it was unquestionably present as a heat-stable cata- 
lyzer, as was evidenced by the higher degree of oxidation of the 
paraphenylenediamine at 70°C. in tube 4 of the ‘‘oxidase”’ set-up. 

Catalase activity is distinctly lessened within the 59 to 65° range, 
while in the same range the succinodehydrogenase is apparently 
destroyed. 

The presence of peroxide was not revealed in the suspensions 
by the titanium sulphate or the FeCl; — K;Fe(CN),. However, 
minute traces of H,O, may not have been detected by these re- 
agents, and the presence of an active catalase may also account for 
the negative results. 

We may sum up the results presented in table 1A by saying 
that there is apparently a correlation between the temperature 
which inhibits the activities of oxidase, catalase and succinode- 
hydrogenase, on the one hand, and that marking the maximum 
growth temperature, on the other. 

The results obtained with B. subtilis F are presented in table 1B. 
Here the relationships between the maximum temperature of 
growth and thermolabilities of the enzymes studied are not all 
as clear-cut as those obtained with No. 1608 group 80. 

The oxidase, which was apparently weak, was detected in the 
forty minutes reading, which reveals an inhibition of this enzyme 
between 55° and 59°C. At the end of two and one-half hours a 
total inactivation was observed between 62° and 65°C. 

Tube 4 in the oxidase set-up indicated, by the greater degree of 
oxidation beginning at 55 to 59°, an inhibition of catalase or other 
reducing mechanism within this range. Tube 5 indicated the 
absence of peroxide at temperatures above 55°. The positive test 
for peroxide with titanium sulphate in the suspension heated at 
37° indicates that the peroxide may have played a réle in the 
oxidase tests. Harrison (1929) has shown that the paraphenyl- 
enediamine oxidation is not necessarily proof of “‘oxidase”’ activ- 
ity. Furthermore, B. subtilis F was found to be an active pro- 
ducer of peroxide. 

The peroxidase tests demonstrated the thermostability of this 
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catalytic agent, and when considered together with the catalase 
tests, reveal the réle of catalase in the inhibition of the peroxidase 
reaction. With partial inhibition of the catalase at 49 to 55°C., 
peroxidase activity becomes evident. The control tube (without 
added H,0.) indicates the functioning of an oxidase having a 
thermolability close to the maximum temperature of growth. 
This heat lability and the negative results obtained with the 
higher dilutions of HO, with suspensions heated above 59° indi- 
cate that we are dealing with a direct aerobic oxidase, and not a 
combination of heat-stable peroxidase and H,O,. However, the 
possibility of the functioning of a very active thermolabile per- 
oxidase must be considered. 

The catalase of B. subtilis F was almost completely inacti- 
vated between 59 and 62°. 

The succinodehydrogenase of this organism is apparently heat- 
stable. However, this test was made apart from the others, a 
bacterial suspension considerably heavier than the others being 
used. Whether attempts to correlate under anaerobic conditions 
such activation with maximum growth temperature of an organ- 
ism which grows aerobically are justified may be questioned. 
However, if such active dehydrogenation is obtained with oxygen 
as the hydrogen acceptor, the consequent formation of peroxide 
and dependence upon the functioning of the catalase becomes evi- 
dent. The presence of active oxygen may be necessary for the 
oxidation of the succinate under aerobic conditions. If it is, the 
oxidase assumes an important réle as the activator of this oxygen. 
A dependence of ability to grow on the presence of a suitable 
hydrogen acceptor is indicated in the results obtained on growing 
B. subtilis F in deep agar at various temperatures. It was incap- 
able of growth in the depth of the medium at the higher tempera- 
tures. This may have been due to decreased oxygen potential in 
the depth when the medium was subjected to the higher tempera- 
tures. 

The inhibiting action of higher temperatures upon growth in 
deep agar, and the inhibiting or inactivating effects upon the oxi- 
dase and catalase of this organism indicate a dependence of growth 
upon the completion of the respiratory processes, and tend to 
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justify the search for growth-limiting factors in the field of heat- 
labile catalytic oxidation-reduction systems. 

In suspensions of B. mycoides (table 1C) catalase and succino- 
dehydrogenase were apparently inactivated at the maximum 
growth temperature. Oxidase and peroxidase appeared to be 
heat-labile, but the lability of the latter was not complete and 
both were inhibited by temperatures above the maximum tem- 
perature of growth. The oxidase is inhibited between 45° and 
49°, and inactivated between 49 and 55°C. However, upon repeat- 
ing the experiment, an inhibition of the oxidase was evident at 
temperatures nearer the maximum growth temperature (41 to 
42°C.) 

The peroxidase was inhibited between 49° and 55°, but was not 
completely inactivated at any of the temperatures. This partial 
lability of the peroxidase was demonstrated in both the para- 
phenylenediamine oxidase test (tube 4) and the benzidine test. 

The possible presence of peroxide, as indicated by tube 5 of the 
oxidase set-up and by the titanium sulphate test, suggests that 
the apparent stability of the oxidase at temperatures above the 
maximum temperature of growth is due to oxidation of the para- 
-phenylenediamine by the peroxidase-H,O, system at these 
temperatures. 

The catalase lability at a temperature between 42 and 45°C. is 
in accord with the results obtained in the “deep agar’ experiments 
with acclimated B. mycoides, in which subjection of the organism 
to temperatures slightly above the normal maximum tempera- 
ture of growth resulted in an inability to grow aerobically, but 
with retention of ability to grow in the depths. The loss of abil- 
ity to grow aerobically may have been due to the inactivation of 
catalase and consequent accumulation of peroxide. While this 
inactivation may account for the failure to grow aerobically, inabil- 
ity to grow anaerobically may possibly be due to the inactivation 
of the dehydrogenase or of the activators of certain hydrogen 
acceptors at the higher temperatures. 

In view of the variation in the temperatures inhibiting or inacti- 
vating the catalase of B. mycoides, a definite conclusion regarding 
the réle of this enzyme is not yet possible. The experiments were 
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carried out with quite turbid suspensions. However, in another 
experiment a considerably heavier suspension was used, and this 
showed a distinct catalase activity at 50°C. That this variation 
may have been due to the difference in turbidity of the suspen- 
sions employed, and perhaps to the presence of small clumps of 
bacteria, is indicated by similar results obtained with other 
organisms. 
Experiment IT 

In this experiment three different organisms were employed, 
B. mesentericus A, B. subtilis T, and B. cereus H. The results are 
summarized in tables 2A, 2B and 2C, respectively. 

Bacillus mesentericus A (2A). This organism, like the B. vul- 
gatus strain studied, showed very little general correlation 
between the temperature at which growth is inhibited and the 
temperatures retarding the activity of the oxidation-reduction 
systems investigated. 

Strong direct oxidase action was demonstrated in both the p- 
phenylenediamine and benzidine tests. In both instances inhibi- 
tion begins near the temperature above which the organism is 
unable to grow (52 to 53°C). The correlation is more nearly com- 
plete with the benzidine than with p-phenylenediamine. The 
latter reagent showed inactivation to be incomplete even at 70°C. 
Secondary reduction of the p-phenylenediamine is evident in all 
suspensions except those which were heated at 65 and 70°C. 

The benzidine oxidase test and the FeCl; + K;Fe(CN), test for 
peroxide are both more pronounced below than above 52 to 53°C. 
The titanium sulphate tests were negative. It is possible that 
minute traces of peroxide formed as a result of continued respira- 
tory activity in the suspensions heated at or below 52 to 53° may 
account for the stronger oxidase activity at or below this tempera- 
ture. Addition of dilutions of H.O, stronger than 1: 100,000 
seemed to inhibit the oxidation of benzidine. 

Except for the partial inhibition of the succinodehydrogenase 
and oxidase of B. mesentericus A, the thermolabilities of the sys- 
tems studied do not coincide with the maximum temperature of 
growth (52 to 53°C.). 
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B. subtilis T (2B). This organism exhibited no oxidase, and 
a peroxidase action so weak that thermolability of these agents 
could not be demonstrated. 

Aside from a slightly positive reaction in tube 5 of the oxidase 
set-up (four and one-half hours reading), the tests for peroxide 
were negative. 

Catalase and succinodehydrogenase were readily demonstrable. 
Both were inactivated at temperatures approximating the maxi- 
mum growth-temperature (49 to 50°C.). 

Bacillus cereus H (2C). This organism exhibited no clear-cut 
relation between the temperatures limiting its growth and those 
inhibiting the activity of oxidase and peroxidase. This lack of 
correlation seems to have been due, however, to the concomitant 
variation, with rise of temperature, in the activities of the catalase 
and reducing mechanisms, and to the presence of peroxide. Thus, 
failure to demonstrate lability of the oxidase at 49°C. may be due 
to the increase in peroxide concentration at the higher tempera- 
tures (as indicated by the FeCl; + K;Fe(CN), test) and to the 
inhibition or inactivation of the catalase and reducing mechan- 
isms. The peroxidase tests with benzidine tended to confirm 
this supposition, in that they exhibited a stronger reaction at 
55° and 59° than at 49°C. Tube 5 of the oxidase set gave a 
stronger reaction than tube 1, indicating the presence of H,O, at 
these temperatures. The results obtained with tube 4 (receiving 
one drop of 1:100 H,O,) indicate an inhibition of either oxidase or 
peroxidase. The tube exhibited a weaker reaction at 52.5°C. 
than below this point. 

Catalase activity, although retarded at 45 to 49°, is completely 
inactivated only at 55 to 59°C. However, when the test was 
repeated with more homogeneous suspensions (fewer and smaller 
clumps of bacteria) the following results as to catalase lability 
were obtained: 

Temperature, °C 37 45 47 49 55 59 65 
Catalase activity 2 2-—- — 

Titanium sulphate gave a faintly positive test for peroxide in 

all suspensions. The benzidine-horseradish-peroxidase test failed 
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to reveal the presence of peroxide, while the FeCl; — K;Fe(CN), 
test gave a distinct reaction with all but the 70° suspension. 

Succinodehydrogenase was apparently inactivated between 49° 
and 55°C. Slight reduction in the depths of the paraphenyl- 
enediamine tube was evident in the 52.5° suspension, and dis- 
tinct reduction in the 55° suspension. The ability to dehydro- 
genate at temperatures above 49° indicates that the peroxide 
responsible for the positive oxidase tests at these temperatures 
was produced as a result of continued respiration while the organ- 
ism was subjected to these temperatures. The consequent 
accumulation of hydrogen peroxide in the absence of active cata- 
lase at these temperatures may possibly be the mechanism respon- 
sible for the inhibition of growth by the higher temperatures. 
However, the degree of secondary reduction of the oxidized p- 
phenylenediamine was less above 49°C. than below. 

Thus, the thermolabilities of the catalase and succinodehydro- 
genase of B. cereus distinctly approximate its maximum tempera- 
ture of growth. The results obtained with oxidase, although 
indicating a similar relationship, are complicated by other factors. 
The presence of a thermostable peroxidase is demonstrable. 

It should be interesting to note that, while B. mesentericus A 

ave the stronger tests for peroxide at temperatures below its 
maximum growth temperature, B. cereus was less active in this re- 
spect at 45° and 49°, than at 52.5°, 59° and 65°C. This difference 
was due apparently to a difference in the thermolabilities of their 
respective catalases. The peroxide already present when the 
suspensions were prepared could be destroyed by the catalase of 
B. mesentericus at all of the temperatures, whereas that of B. 
cereus was considerably inhibited above 49°C. At temperatures 
below its maximum temperature of growth B. mesentericus, con- 
tinuing to respire, was able to replace some of this peroxide. 
That such respiratory activity may account for the presence of 
the peroxide is indicated in the stronger test for this agent ob- 
tained with the 37°C. suspension of B. cereus than with the 45° 
suspension. 
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Experiment IIT. Thermolability study of suspensions of an obligate 
thermophile grown at its minimum and maximum 
temperatures 


Two suspensions of an obligate thermophile (No. 59) were pre- 
pared, one (a) from an agar culture grown at 45° (its minimum 
growth temperature) and the other (6) from a culture incubated 
at 65°C. (its maximum). These suspensions were heated and 
their enzymatic activities studied simultaneously. The results 
are summarized in table 3. 

The p-phenylenediamine oxidase of suspension B, although not 
as strong as A, seemed slightly more resistant to heat. This 
difference may be due to the greater activity of the peroxidase of 
B, rather than to any differences in peroxide content or in reducing 
activities. A comparison of the results obtained in the benzidine 
test with and without horse-radish peroxidase makes evident the 
importance of the rdle of peroxidase in such oxidations. In fact, 
the weakness of the oxidase in suspension B, together with the 
gradual decrease in its activity with increased temperature and a 
concomitant decrease in peroxide content, indicates a peroxidase 
and not an oxidase activity. Suspension A, furthermore, reveals 
a destruction of the oxidase between 55° and 65°C. 

Tube 5 (containing horse-radish peroxidase) failed to reveal per 
oxide, although this substance was present in amounts detectable 
by the titanium sulphate and benzidine-horseradish-extract tests. 

The peroxidase of suspension B is evidently more resistant to 
heat than that of A. Slight discrepancies obtained with the 
higher dilutions of H,O, are probably due to the peroxide present 
in the tubes of suspension A that were heated at 65°, 70° and 75°C. 

The catalase of both A and B suspensions was inactivated at 
approximately 65°. However, distinct catalase action in B could 
be demonstrated only when the suspension was considerably 
heavier than that of A. Aside from indicating a weakening of 
catalase activity as a result of cultivation at the maximum tem- 
perature of growth, this observation makes evident the impor- 
tance of the rdle played by the turbidity (number of cells) of the 
bacterial suspensions in the catalase determinations. 
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The tests for peroxide are worthy of special note. The tubes 
of suspension A heated at and above 65° gave distinct reactions 
for peroxide, while the tubes exposed to temperatures below 65° 
gave practically no indication of its presence, when tested with 
titanium sulphate and with the benzidine-horseradish extract. 
Suspension B, on the other hand, revealed a decrease in the 
amount of peroxide in tubes heated at and above 65°. Here 
again must be taken into consideration the activity of the catalase 
and the continued respiration of the bacterial cells. The catalase 
of suspension A was much more active than that of B. The pos- 
sibility of respiration with production of peroxide at temperatures 
below 65° is supported by the evidence of dehydrogenase activity 
at these temperatures. It seems, therefore, that at temperatures 
below 65° the differences in the reactions obtained for peroxide 
are due primarily to differences in catalase activity. The results 
obtained at temperatures above 65° may be attributed to differ- 
ences in the amount of peroxide present before the heating. The 
inhibition of dehydrogenase activity at 65° (as shown by the 
secondary decolorization of p-phenylenediamine and by the tests 
with succinate) indicates a smaller amount of peroxide in sus- 
pension B than in A. 

These observations are suggestive, in view of the theory of 
McLeod and Gordon according to which ability to grow aerobi- 
cally is a function of catalase and peroxide production, and degree 
of susceptibility of the organism to peroxide. Eckford (1927) 
found obligate thermophiles to be incapable of catalase activity 
until they were set in a water bath at 45°C. The present experi- 
ments with thermophile No. 59 grown at 63 to 65°C. indicate a 
weakening of the catalase activity in organisms grown at higher 
temperatures when this activity is tested at a lower temperature. 
They indicate also a continued production of peroxide at the 
lower temperature. May not such peroxide production, together 
with retarded catalase activity, play an important rdéle in the 
inhibition of the growth of obligate thermophiles at the lower 
temperatures? Such a possibility is supported further by the 
microaerophilic growth obtained with nine obligate thermophiles 
upon incubating them for 144 hours in deep glucose infusion 
agar at the lower temperatures (see previous statements). 
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The tests for succinodehydrogenase indicated an inhibition or 
partial inactivation of this enzyme at 65°C. 

We may conclude from the results obtained with suspension A 
(cells grown at 45°), that organism No. 59 exhibits a clear-cut 
inhibition of three of the four studied systems at the temperature 
marking its upper limit of growth (65°C.). The partial inhibition 
of peroxidase seems to be due to the partial inactivation of the 
oxidase between 55° and 65°. This is indicated by the results 
obtained in the control suspension with the benzidine test. Here 
a faint oxidase reaction occurred in the control tubes heated at 
37°, 55°, 70° and 75°C., but none in the tube heated at 65°, al- 
though at the last-named temperature distinct amounts of per- 
oxide remained active. The reappearance of the positive test 
at 70° and 75° is not due to an oxidase, but to inactivation of the 
reducing mechanisms and to the action of the peroxidase upon 
traces of peroxide present. The inferiority of suspension B 
in oxidase activity also indicates such inhibition of the oxidase 
at 65°C, 


Experiment IV. Thermolability study of an obligate thermophile 
cultivated at a temperature slightly above its minimum 
growth temperature 


This organism (SIV) had a maximum temperature of growth of 
about 70°C. Although it grew faintly at 45°C. (minimum tem- 
perature), it was grown at 49° in order to obtain sufficient material 
during twenty-four hours’ incubation for the different tests. The 
results are presented in table 4. 

The p-phenylenediamine oxidase set-up revealed an inhibition 
of the oxidase between 55° and 65°, and complete inactivation 
between 70 and 75°. The same material showed inactivation of 
the reducing mechanisms between 70° and 75°, and the presence 
of a heat-stable peroxidase (tube 4 of 75° suspension). Tube 5 
gave negative tests for free peroxide. 

Heat-stable ‘‘benzidine-peroxidase’’ was demonstrated in the 
suspensions prepared from cultures that were heated at 65 to 75°C. 
By the same test the 37° and 55° tubes gave a negative reaction. 
This indicated the presence of heat-labile mechanisms which 
inhibited the oxidation. 
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The inhibiting mechanisms appear to have been catalase and 
dehydrogenases. The activities of both of these are decidedly 
inhibited between 55° and 65°C. Complete inactivation occurs 
only between 70° and 75°, however. 

The tests for peroxide gave negative results. However, in the 
presence of very active catalase the detection of free peroxide is 
hardly to be expected. 

We have, then, with this organism an inhibition of oxidase, 
catalase and dehydrogenase activities at 55 to 65°, and complete 
inactivation of these systems at 70 to 75°C. 


Experiment V. Thermolability determinations of B. mesentericus F 


In this study an almost complete correlation was established 
between the oxidase, catalase and dehydrogenase labilities, on 
the one hand, and the maximum growth temperature, on the 
other (53°C.). 

With inhibition of the catalase and reducing mechanisms, the 
peroxidase activity becomes more and more evident up to 59 to 
65°, when it is partially inhibited. A positive test for peroxide 
was not obtained. The beginning of inhibition of dehydrogenat- 
ing mechanisms at 52 to 53° was indicated in the succinodehydro- 
genase tests and by the appearance of autoxidation in tube 3 at 
the two and one-half hours reading of the p-phenylenediamine 
set-up. 

A detailed presentation of results obtained with B. prausnitzit, 
B. megatherium D and B. megatherium N is not possible as yet. 

Considerable variation in the labilities of the enzymes of 
B. prausnitzii was observed. In several experiments the catalase 
activity was found to have as its upper limit the temperature of 
maximum growth (45°). In others, however, a distinct catalase 
activity was evident in suspensions heated at 49°C., and a trace 
of activity in 55° suspensions. The variations do not permit 
definite conclusions regarding the relations between the labilities 
of the “systems” and the maximum temperature of growth of 
B. prausnitzit. 

B. megatherium D and B. megatherium N also exhibited consid- 
erable variation. However, the results obtained with these two 
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strains permit certain conclusions. The former, having a maxi- 
mum growth temperature, after limited acclimatization, of 47°, 
revealed no catalase activity, but did give indications of a trace 
of peroxide; furthermore, there was only a weak succinodehydro- 
genase action, which manifested an initial inhibition at 47°C. 
B. megatherium N, whose maximum temperature of growth was 
47°C., after acclimatization, also revealed no catalase activity, 
and no peroxide could be detected. Here, too, a weak succino- 
dehydrogenase exhibited initial inhibition at 47°C. The oxidase 
activity of both organisms was very weak. 

The apparent absence of catalase and the weak oxidase activity 
of these two B. megatherium strains (D and N) are of interest in 
view of their strictly aerobic properties. The dehydrogenase 
action, although weak, indicates possible production of peroxide. 
Traces of peroxide were detected in B. megatherium D. A 
utilization of this peroxide by the peroxidase suggests itself. It 
is possible, however, that the apparent absence of catalase activity 
is due to treatment other than heating, since by dropping some 
H,0, onto agar slant cultures of these organisms grown at 25 
traces of catalase activity were observed. By using slant agar 
cultures developed at 43°C., and employing the same technique, 
a slight catalase activity was exhibited by B. megatherium D, 
but none by B. megatherium N. 

In table 6 are presented the observed correlations between the 
maximum temperatures of growth of 12 different organisms em- 
ployed in this investigation, and the heat labilities of their oxida- 
tion-reduction systems. The correlations are not complete, but 
in view of the fact that the suspensions were subjected to the 
higher temperatures for only 20 to 24 hours, whereas the maxi- 
mum temperatures of growth were those for growth during con- 
tinued transfer at twenty- to twenty-four-hour intervals, any dis- 
tinct inhibition of the activities of the systems at or near the 
maximum growth-temperature was regarded as sufficient for 
inclusion in the table. Because of less distinct inhibitions and 
of variations in the results obtained with certain organisms, some 
of the attempted correlations must be considered as questionable. 
(See table 6.) 
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It appears from this table that all of the organisms but B. 
vulgatus and B. mesentericus A exhibit a correlation between the 
temperature limiting growth and that distinctly inhibiting one or 
more of the “systems.’”’ It is possible that the presence of per- 
oxide may have masked the thermolabilities of the oxidases of 
these two organisms. The dehydrogenase system appears to 
show with most of the organisms a distinct inhibition at the maxi- 
mum temperature of growth, while the oxidase and catalase vary 
considerably in this respect. The authors have tried to make 


TABLE 6 


Showing the relations between the maximum temperatures of continued growth and 
the heat labilities of oxidase, catalase and succinodehydrogenase 


MAXIMUM | | SUCCINODE 
| TEMPERA- | HYDRO- 
ORGANISMS TURE OF | OXIDASE CATALASE GENASE 
GROWTH | 
iad a 
B. subtilis F. 59-60 | + + = 
B. vulgatus F 56 ~ + + 
B. mesentericus F 53 + + + 
B. mesentericus A | 52-53 | + ~ + 
B. subtilis T 49-50 | — + tr 
B. cereus. . 47-49 | + + + 
B. megatherium D | 43-44 | + 
B. megatherium N 43-44 | _ + 
B. mycoides | 41-42 | + + + 
No. 1608 group 80 65 + i. + 
No. 59 65 oa + 
SIV 70 + + + 


Key: +, distinct correlation; +, questionable correlation; —, no correlation. 


clear, however, that the variation in the thermolability of the 
oxidase may be due to certain interfering factors, and that the 
thermolability of the catalase may, in a measure, vary with the 
numbers, and degree of clumping of, the bacteria tested. 


GENERAL DISCUSSION 


In living organisms depending upon processes of oxidative 
decomposition for the energy necessary for the performance of 
mechanical work, and for chemical and structural syntheses and 














BACTERIAL GROWTH AT HIGHER TEMPERATURES 119 


other energy transformations, a study of growth limitation due 
to heat is logically directed toward the effects upon the systems 
involved in these oxidations. The dependence of growth and 
metabolism upon oxidative processes, however, does not preclude 
the possibility that other, but perhaps less, fundamental processes 
may be involved in the inhibition of growth by heat. 

The coincidence between the temperatures limiting bacterial 
growth and those inhibiting the activities of the oxidative systems 
selected for study does not necessarily prove that the apparent 
effects of higher temperatures upon these systems are directly 
responsible for the growth limitations. The inhibition by heat of 
mechanisms selected from a complex biological system may be 
obtained as a result of other changes in this system. 

Decreased permeability of the cell wall, as a result of heating, or 
the coagulation of the cellular protoplasm, may result in a lessened 
accessibility of the indicators used. Harrison (1929) was able to 
double the rate of reduction of methylene blue by yeast cells, and 
to effect a complete and fairly rapid reduction of indigo carmine 
in both warmed and unwarmed yeast, by inducing plasmolysis by 
means of toluene. He concluded that the rate of access of methyl- 
ene blue (or indigo carmine) to the cell-reducing systems is the 
limiting factor in a suspension of intact yeast cells, and that the 
time required for the reduction of the dye stuffs gives no measure 
of the reducing systems present. 

However, Dallinger’s observations (1887) on increased vacuoli- 
zation with acclimatization of flagellates to higher temperatures 
indicated by this more rapid expulsion of waste products an in- 
creased rate of metabolism, and also a dehydration. If such 
desiccations are brought about as a result of increased metabolic 
activity at higher temperatures, it appears possible that the 
dehydrations which raise the coagulation temperature of the 
protoplasm are dependent upon a thermostability of the respira- 
tory mechanisms. That a dehydration may result from increased 
respiratory activity is suggested by the fact that B. anthracis 
requires the presence of oxygen for sporulation. Schreiber (1896) 
found oxygen to be necessary for spore formation by aerobic 
bacteria, and that more oxygen was required for sporulation than 
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for growth. Matzuschita (1902) observed that under hydrogen 
and under atmospheric pressures of less than 30 mm., aerobes 
never produce spores, and that facultative anaerobes and obligate 
anaerobes form spores very rapidly upon the addition of oxygen. 

Assuming then that the dehydration of the cellular protoplasm 
raises its coagulation temperature, it becomes evident that a 
decreased accessibility of the indicators due to the coagulation 
of the protoplasm may be intimately associated with the lessened 
activity of the respiratory processes. 

Aside from the effect of heat on the degree of accessibility of 
the reagents used for the detection of the oxidation-reduction 
systems, a coagulation and inactivation of these “systems” may 
result. Waentig and Gierisch (1916) concluded that liver catalase 
is a coagulable protein. They found that the inactivation of the 
catalase was complete at 68°C., while at 48°C., where the catalase 
extract began to cloud, there was a considerable diminution in 
activity. Desiccation may thus result in a greater degree of 
thermostability of the ‘systems’ themselves. 

The writers’ attempts to demonstrate such dependence of 
growth at high temperatures upon the degree of dehydration of 
the bacterial protoplasm by cultivation in media of high osmotic 
pressure do not support this hypothesis. The methods employed 
may not have been satisfactory, however, since not only did 
they tend to desiccate the bacterium, but they also made less 
available the water and nutrients of the external environment. 
Since water itself plays a very important réle in oxidation proc- 
esses,’ it is perhaps necessary that an even greater accessibility 
of water and nutrients prevail at higher temperatures. Thus, 
while a state of desiccation within the cell would be necessary for 
resistance to higher temperatures, an abundance of water would 
have to be available for utilization in the various metabolic 
processes. The maintenance of such a state of unequal osmotic 


7 “Die langsame Verbrennung des Wasserstoffpalladiums, ist sonach zweifellos 
an die Mitwirkung von Wasser gekniipft und da es wenige Kérper giebt, die sich 
mit gleicher Energie bei gewéhnlicher Temperatur in Sauerstoffgas oxydieren, 
so darf man wohl annehmen, dass kein Kérper bei gewéhnlicher Temperatur auf 
trocknen Sauerstoff zu wirken vermag’’ (Traube 1885). 
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pressure may again depend upon the continued functioning of the 
oxidative “‘systems.’’ Hill (1930) has demonstrated the possible 
réle of oxidative processes in the maintenance of differences in 
osmotic pressure. 

It has been indicated that certain growth limitations may be 
due to the inhibition of systems that are responsible for the 
removal of toxic metabolic products as, for example, hydrogen 
peroxide. 

The failure to demonstrate inactivation of certain systems at 
the temperatures marking the maximum temperatures of growth 
may be due to the functioning of other thermostable mechanisms. 
Thus, the apparent heat stability of the succinodehydrogenase 
of B. subtilis F. (table 1B) may be due to the activity of a heat- 
stable sulfhydryl system. Abderhalden and Wertheimer (1923) 
concluded that increased reduction obtained on coagulation of 
frog muscle is due to an increase of firmly-bound SH groups. 
Methylene blue is not reduced by these bound SH groups, but 
cystine is. If free cystine is added to the system (fixed SH groups 
and methylene blue) the methylene blue is reduced. The cystine 
acts as an intermediary acceptor and transportor of hydrogen. 
That the functioning of such a system may prevail with B. 
subtilis F. is indicated by the apparent diminution in activity of 
the reductive processes when heated at 55°C. and the better 
reduction of methylene blue after heating at still higher tempera- 
tures. Here we may have an inhibition of the heat-labile meth- 
ylene blue reducing systems, and then above 55°C., coagulation 
and appearance of the heat-stable SH systems. 

It is evident from these considerations that oxidation-reduction 
thermolability and protoplasm coagulability may be very inti- 
mately associated with each other and may play an important 
role in growth inhibition by heat. It has been indicated that, 
while the inaccessibility of the reagents involved in the respiratory 
processes and inactivation of the oxidation-reduction mechanisms 
may be due to a coagulation of the bacterial protoplasm, the 
coagulability of the protoplasm may be influenced considerably 
by the activity of the respiratory processes. 
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SUMMARY 


1. Attempts to acclimate members of the “subtilis group” to 
growth at higher temperatures resulted in only a small degree of 
success. 

2. Media of relatively high osmotic pressure failed to raise the 
maximum temperatures of growth of members of the ‘“‘subtilis 
group,” and were inferior to the ordinary beef extract and beef 
infusion broths, in their support of growth at higher temperatures. 

3. Members of the “subtilis group” revealed considerable 
diversity with respect to the effects of temperature upon oxida- 
tion-reduction relations, as indicated by growth in deep media 
and by the thermolabilities of certain of their catalytic oxidation- 
reduction systems. 

4. Certain correlations between the thermolabilities of catalytic 
oxidation-reduction systems and the temperatures marking the 
maximum temperatures of growth of members of the “‘subtilis 
group” and of thermophiles have been observed. 


CONCLUSION 


The evidence presented indicates that the limitation of bacterial 
growth by temperatures higher than the maximum temperature 
of growth may be due to the inhibition of the activities of certain 
catalytic oxidation-reduction mechanisms involved in cellular 
respiration. 
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Expressed or implied, in recent publications dealing with mu- 
tation-like variations in bacteria, may be found the idea that the 
occurrence of such variations supports a theory of complex life 
cycles in bacteria, life cycles similar to those presented by higher 
fungi. It is assumed that mutation-like variations result from 
hybridization, or that they represent fixed ‘‘cyclostages’’ of an 
elaborate cycle. In the one case the occurrence of sexual repro- 
duction is a necessary assumption; in the other, it appears highly 
probable. It would seem well worth while to compare the varia- 
tions observed in bacteria with those which occur in higher micro- 
organisms, and to determine to what extent variations in these 
higher organisms are dependent upon sexual reproduction and 
the occurrence of complex life cycles. It is known that yeasts, 
molds, and green algae may exhibit in artificial cultures more or 
less permanent modifications or variations. These are easily 
observed in giant colonies either as aberrant sectors or as secondary 
colonies. The occurrence of sexual reproduction in yeasts and 
molds may be readily detected by microscopic examination. It 
seems to us that the appearance of mutation-like variations in 
cultures of yeasts and molds in which sexual reproduction is known 
not to occur, has a very important bearing upon theories of life 
cycles in bacteria. It has recently been observed that such mu- 
tations may appear in cultures of smut fungi derived from a 
single sporidium, known to be haploid (Hanna, 1929; Christensen, 
1931). Here, undoubtedly, no sexual reproduction could occur. 

Temporary modifications and more permanent variations in 
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yeasts have been observed by a number of authors. The occur- 
rence of sectors and of secondary colonies may be observed in a 
number of published photographs of giant colonies of yeasts. 
References to older literature on variations in yeasts may be found 
in the publications of Pringsheim (1910) and Guilliermond (1920). 
Beijerinck (1912) has studied variations in Schizosaccharomyces 
octosporus, particularly with regard to spore formation, yet no 
very extensive investigations have appeared. 

The present paper deals with variations in a yeast, Torula 
pulcherrima. This yeast was discovered by Lindner (1887). It 
has been extensively studied by Beijerinck (1918). The same 
yeast was rediscovered by Grosbiisch (1914) and renamed Torula 
rubefaciens. We have carefully compared a subculture of this 
strain received from Dr. Grosbiisch with a strain of Torula pul- 
cherrima from Dr. Tanner’s collection, and can detect no differ- 
ences in morphological or cultural characters. The work here 
reported was carried on with the strain obtained from Dr. Gros- 
biisch. It has been subcultured in this laboratory for a number 
of years. 

Torula pulcherrima occurs naturally on various fruits, especially 
grapes, and has also been recovered from the nectar of flowers and 
from insects. It is an oval, budding yeast of medium size (3 to 
7u). It is recorded as non-sporogenous by Lindner, Beijerinck 
and Grosbiisch, and we, ourselves, have made a careful search 
for spores a number of times on plaster blocks, Gorodkowa’s 
medium, and McKelvey’s plaster-carrot agar, without success. 
We have also been constantly on the lookout for spores in these 
researches. We believe that under the conditions of artificial 
cultivation this yeast does not form spores. The researches of 
Guilliermond have clearly established the sexual character of 
spore formation in some yeasts. The spores of yeasts are asco- 
spores, and such ascospores constitute the sole evidence of con- 
jugation in yeasts. We feel warranted, therefore, in concluding 
that an absence of spores indicates an absence of sexual repro- 
duction. In cultures several days old the cells develop fat glob- 
ules which may reach an enormous size, almost completely filling 
the cells. Beijerinck (1912) noted a mutant (“Saccharomyces 
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pulcherrimus-secondarius”’) which failed to develop such fat 
globules. 

In artificial cultures this yeast forms a striking maroon-colored 
pigment. This pigment is quite different from the coral pink or 
red pigment produced by the chromogenic yeasts so frequently 
encountered in cultures from dairy products and other substrates. 
The pigment of the common red yeasts is a carotinoid pigment 
soluble in fat solvents. The pigment of Torula pulcherrima is 
a water soluble pigment. It has been studied by Beijerinck (1918) 
who believed it to be an anthocyan. It may be extracted with 
alkalies, which also decolorize, but the color returns upon neu- 
tralization of the alkali with acid. Beijerinck claimed that the 
pigment is secreted as a colorless chromogen which becomes 
colored only in the presence of iron salts and oxygen. 

Beijerinck and Grosbiisch have both noted a variability in the 
production of this pigment. It may be present in some media 
and absent in others, due to the presence or absence of iron, ac- 
cording to Beijerinck. The cells alone may be colored, or the 
pigment may also diffuse into the medium; or, the growth may 
be white while the medium just beneath is red. These varia- 
tions appear to depend largely upon the composition of the 
medium. But we have noted marked variations in successive 
cultures upon the same medium, or indeed in different parts 
of a single colony. It is clear, then, that pigment production 
may undergo variations independent of the environment, due 
to intrinsic causes. In giant colonies these color variants appear 
usually as sectors, occasionally as secondary colonies. 

This yeast is a particularly favorable subject for an investi- 
gation of microbic variation, because its color variations are 
striking and easily detected by naked eye observation; because 
the cells are relatively large and may easily be isolated singly to 
start pure line cultures; and because we believe that the element 
of sexual reproduction may be excluded. The variations in pig- 
mentation appear to be of the same character as those observed 
in Serratia marcescens and designated as ‘“‘mutations” by Bei- 
jerinck (1912), and in various bacteria by Nirula (1928), who 
called these variations ‘‘saltations.”” Our opinion that these vari- 
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ations in the yeast T'orula pulcherrima are of the same general 
character as those exhibited by bacteria was confirmed during 
the course of the investigation by the separation of smooth and 
rough variants. 

All cultures were grown on 1.5 per cent agar containing 1 per 
cent Difco peptone and 5 per cent Difco glucose. The reaction 
was not adjusted. For single cell isolations this agar was filtered 
through paper. All cultures were started from single cells iso- 
lated as follows: The yeasts were suspended in the above agar, 
melted and cooled to 45°C. From this suspension three loop- 
dilutions were prepared with tubes of the same medium. A loop- 
ful of the last dilution was placed on a flamed coverslip which 
was then inverted over a sterile moist-chamber slide sealed with 
melted paraffin. The preparation was examined with the me- 
dium power objective, and if a single cell was found with no others 
near it, the slide was clamped in position and the microscope set 
aside. A dozen or more such preparations may be made and 
examined in a few hours. After 48 hours incubation at room 
temperature, the slides were re-examined. If the cell had grown, 
a minute colony just visible to the naked eye was apparent. 
The position of the colony may be marked, while the slide is still 
on the microscope, with a fine pen point and India ink. The 
neighborhood of the colony was now examined carefully for the 
presence of other microcolonies, and if none were found, the cover- 
slip was carefully removed with flamed forceps and quickly in- 
verted into a sterile Petri dish. The marked colony was next 
transferred to a glucose agar slant with an inoculating wire. If 
one makes a careful search both before and after incubation, 
focussing through all layers of the agar, to make certain that no 
other cells lie near enough to the isolated cell to allow contamina- 
tion, this procedure is perfectly reliable, and much simpler than 
micromanipulator techniques. The drop of agar was spread over 
an area about 15 mm. in diameter, and not more than 3 or 4 micro- 
colonies developed on those coverslips from which subcultures 
were made. 

From the agar slant cultures giant colonies were grown upon the 
same glucose agar, in narrow mouth 44-x-100-mm. bottles. 
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These bottles contained 100 cc. of agar, which about half filled 
them. Transfers from the slant were made with a straight wire 
which was just allowed to touch the middle of the agar surface. 
The bottles were incubated at room temperature from four to 
six weeks. At first the bottles were sealed with paraffin after two 
weeks incubation, but we soon noted what had also been observed 
by Beijerinck, that the color began to fade due to an absorption 
of the oxygen. Therefore the bottles were left unsealed, but were 
kept in a moist chamber to prevent evaporation of the agar. 

After the colonies had developed sufficiently, they were exam- 
ined carefully, and from the various differentiated parts of the 
colony—sectors, secondary papillae, rough portions, etc.—a loop- 
ful was removed and suspended in sterile media. From these 
suspensions single cell isolations were again made to start new 
giant colonies. The bottle was next cut at the agar level, and 
the colony photographed. After this the various parts of the 
colony were examined microscopically for morphologic variations 
in the cells. 

From the original stock culture four single cells were isolated 
and grown into giant colonies. From various parts of these giant 
colonies single cells were again isolated and grown into a second 
“generation” of giant colonies. This process was carried on 
through four “generations.”’ This is hardly sufficient to warrant 
any conclusions regarding the stability of the types isolated. 
It has, however, required nearly a year to complete these obser- 
vations. The labor increases in geometrical proportion. The 
variants encountered multiply with each “generation.” It is 
obviously impossible to carry on such a series of observations 
indefinitely. We believe that the results attained warrant a 
progress report at this time. 

The cultures derived from the four original single cell isolations 
have been designated A, B, C, and D. Second generation col- 
onies from these are denoted by numbers, as Al, A2, A3, etc.; 
third generation colonies by small letters, as Ala, Alb, ete.; and 
fourth generation colonies by small letters from the opposite end 
of the alphabet, as Alax, Alay, ete. From this system the “‘gene- 
ology” of any colony may be readily determined. Thus the 
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colony Dicz was derived from some portion of the colony Dic, 
which in turn originated from a cell isolated from some part of 
D1, which came from D. 

Variations appeared in the giant colonies most frequently as sec- 
tors. These sectors were white, or all possible shades of maroon. 
The illustrations of colonies Al and B3e show striking white sec- 
tors on predominantly red colonies; Bla shows a dark red smooth 
sector on a lighter red rough colony. Sometimes sectors are so 
numerous and intergrade to such a degree that analysis is nearly 
impossible, as in A3a and C3d. Seetors intergrade with lobes, 
broad expanses of growth of a variant character extending from 
one side of the colony. A white lobe is shown in B. Such lobes 
may extend so as eventually almost completely to surround the 
colony, forming a border. Variation was also made apparent in 
a differentiation of the central and peripheral portion of the col- 
onies. The central portion may appear rough, the peripheral 
portion smooth, as in B2. Colony Dlez shows a central red 
rough portion and a peripheral smooth white zone. This differ- 
entiation does not appear until the colony has attained a certain 
degree of development. Thus a pure white colony may after a 
time develop red pigment in the center, and this red pigment will 
then gradually spread toward the periphery, as may be seen in D1. 
This we have designated secondary growth. Variations may also 
appear as secondary papillae, of the same sort as those exhibited 
by the Neisser-Massini ‘“‘mutant” of the colon bacillus. Red 
secondary papillae on a white colony are shown in Clb. 

A study of the microscopic appearance of the yeast cells in these 
various colonies did not yield any significant facts save in the case 
of rough variants. For the most part the cells appeared as they 
usually do with old cultures of Torulae,—round to oval, and vary- 
ing markedly in size. Many of them contain a fat globule. An 
occasional very large cell with a thick wall presented the appear- 
ance of the ‘‘dauerzellen’’ or characteristic resting forms of yeasts. 
An occasional cell was also found to be elongated and eylindrical 
in form, and such cells attached end to end formed short filaments 
of ‘‘sprossmycel,’’ the rudimentary mycelium found so frequently 
in old cultures of yeasts. But in rough colonies, or in rough por- 
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tions of a colony, this rudimentary mycelium reached a much 
greater development, and here we could find occasional short 
sometimes branched, filaments of true, evlindrical, septate my 
celium. It is very clear that the wrinkled tenacious growth of 
rough colonies is definitely associated with, and probably due to 
the production of rudimentary mycelium: while the “normal 
smooth, pasty growth is associated with free round or oval cells 
No morphologic differentiation could be established between red 
and white variants. 
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The individual characters of the sixty giant colonies, and the 
sequence of the variations encountered, are indicated in the follow 
ing tabulation: 


A—From stock culture; smooth red with one red and one white sector 
round, oval cells 

Al—From red sector of A; red with two white seetors: round, oval cells 

A2—From center of A; smooth red with rough center, light red sectors 
round, oval, and elongated cells 

A3—From margin of A: rough red center, white and light red sectors 
round, oval cells 
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hic. 2. Representative Giant CoLoNies, SHOWING VARIATIONS OF TORULA 
PULCHERRIMA 
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Ala—From white sector of Al; smooth white with red secondary 
growth; round, oval cells. 

Alb—From white sector of Al; smooth white; round, oval cells. 

Alc—From white sector of Al; smooth white with red secondary pa- 
pillae; round, oval cells. 

Alax—From margin of Ala; smooth white, red secondary papillae; 
round, oval cells. 

Alex—From margin of Alc; smooth white with red center; round, oval 
cells. 

Alcy—From center of Alc; smooth white with red sector; round, oval 
cells. 

Alcz—From red papillae of Alc; red rough with white margin; elongated 
cells. 

A2a—From the edge of A2; smooth red; round, oval, and elongated cells. 

A2b—From the center of A2; smooth red with rough center; round cells 
and mycelium. 

A3a—From pink sector of A3; smooth red with white sectors and white 
edge; round, oval cells. 

A3b—From white sector of A3; smooth white; round, oval cells. 

A3e—From edge of A3; smooth red with white sector and lobe; round, 
oval cells. 

A3d—From center of A3; smooth red with rough center; slight mycelium. 

A3ax—From margin of A3a; smooth red; round, oval cells. 

A3ay—From red center growth of A3a; red and white mixture; round, 
oval cells. 

B—From stock culture; smooth red with white lobe and sector; round, 
oval cells. 

B1l—From white lobe of B; rough red center, smooth red sector, and 
white sector; elongated cells. 

B2—From white sector of B; red with rough center; elongated cells. 

B3—From red sector of B; smooth red with rough center and white 
sector; elongated cells and mycelium. 

B4—From center of B; smooth red with rough center and white sector; 
oval cells and mycelium. 

Bla—From pink sector of B1; red with rough center, smooth red sector, 
light red lobe; round and oval cells. 

Blb—From white sector of B1; smooth white; round and oval cells. 

Ble—From rough center of B1; red rough; mycelium very abundant. 

B2a—From rough center of B2; red with rough center; mycelium abun- 
dant. 
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B3a—From rough center of B3; smooth red with rough center and white 
sector; mycelium abundant. 

B3b—From smooth edge of B3; smooth red with rough center; elongated 
cells and mycelium. 

B3c—From pink sector of B3; red with white sectors; elongated cells 
and mycelium. 

B4b—From white sector of B4; smooth red with rough center and white 
sector; elongated cells. 

C—From stock culture; smooth red with rough center and two white 
sectors, secondary papillae; round and oval cells. 

C1—From white sector of C; smooth white; round and oval cells. 

C2—From white sector of C; smooth white; round and oval cells. 

C3—From secondary papillae of C; smooth red with rough center, 
light red sector, and white sectors; round and oval cells. 

Cla—From center of Cl; smooth white with red secondary papillae; 
round and oval cells. 

Clb—From the edge of C1; smooth white with red secondary papillae; 
round and oval cells. 

C2a—From the white center of C2; red and white with white sectors, 
central white papillae; round and oval cells. 

Clax—From white margin of Cla; smooth white; round and oval cells. 

Clay—From red secondary growth of Cla; smooth red; elongated cells. 

Claz—From red rough growth of Cla; smooth red with rough center 
and white sector; elongated cells and mycelium. 

Clbx—From white margin of Clb; smooth white with red secondary 
papillae; round and oval cells. 

Clby—From secondary papillae of Clb; smooth red; round and oval 
cells. 

C3a—From center of C3; smooth red with light red lobe; elongated and 
oval cells. 

C3e—From edge of C3; smooth red; round and oval cells. 

C3d—From white sector of C3; pink with red border; round and oval 
cells. 

D—From stock culture; smooth red with white lobe; round and oval 
cells. 

D1i—From white lobe of D; white with red secondary growth in cen- 
ter; round and oval cells. 

D2—From red margin of D; smooth red; round and oval cells. 

Dia—From red center of D1; smooth red with rough center; mycelium 
and elongated cells. 
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Dib—From rough red center of D1; white with red secondary papillae, 
rough center; elongated cells and mycelium. 

Dic—From margin of D1; smooth white; round and oval cells. 

D1bx—From white margin of D1b; smooth white; round and oval cells. 

Diby—From red center of D1b; white with red papillae and red rough 
center; elongated cells. 

Diex—From white margin of Dlc; smooth white; round and oval cells. 

Dicy—From secondary papillae of Dic; white with red secondary 
papillae; round and oval cells. 

Dicz—From red center of Dic; smooth white with red rough center; 
mycelium and elongated cells. 

D2b—From red edge of D2; smooth red; round and oval cells. 

D2c—From smooth red sector of D2; smooth red; round and oval cells, 
and a few elongated cells. 


It is very evident from the above that this yeast is tending to 
split along two different lines,—into red and white, and into 
smooth and rough, races. It was possible to obtain entirely 
smooth red colonies (as B3b), entirely smooth white (C2), and 
entirely rough red colonies (Ble, Alez). So far a rough white 
colony has not been obtained. The colony D1b is nearly all 
white, and appears rough, but this apparent roughness is due to 
the formation of large numbers of secondary papillae, not to the 
formation of the tenacious wrinkled growth characteristic of the 
rough red colonies. It is noteworthy that red secondary papillae 
on white colonies usually gave rise to solid red rough colonies. 
There is, however, no clear evidence of linkage between the two 
pairs of characters. Color and texture may vary independently. 

It is, of course, of prime importance to determine to what extent 
these variations are transmitted through subcultures, and to 
what extent the different variants may stabilize as distinct races. 
These questions may not be answered from the data here pre- 
sented. There is evident a tendency for the variants to produce 
for a time cultures of the same type. But there is also evident a 
tendency to continuous instability, leading on the one hand to 
the development of more and more new variants, on the other to 
a reversion to ancestral forms. 

For example, colony C developed two white sectors. Subcul- 
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tures from both of these (C1 and C2) grew into pure white, en- 
tirely smooth colonies. A subculture from the white center of C2 
yielded a mixed red and white colony with prominent white 
sectors. Subcultures were made from the white center and the 
white periphery of Cl. Both yielded white smooth colonies 
which later developed red secondary papillae (Cla and Clb). 
Subcultures from the white margin of Cla again yielded a pure 
white smooth colony (Clax), but subcultures from the red second- 
ary papillae yielded in one case a pure smooth red colony (Clay) 
and in another case a smooth red colony with a rough center and 
one white sector (Claz). 

The central portion of colony A was somewhat elevated and a 
little irregular in contour, but not distinctly rough. A subcul- 
ture from this portion gave a pure red colony (A2), rough in the 
center and smooth at the periphery. A subculture from the 
smooth peripheral portion (A2a) was entirely smooth; while from 
the rough central portion there was obtained again a colony (A2b) 
with a rough center and smooth periphery. 

We cannot find in these observations anything to support a 
theory of sex or life cycles as responsible for the observed varia- 
tions. If sexual reproduction occurs, it would be ruled out by 
single cell isolation if the single cell were unisexual, or haploid. 
If this cell is bisexual, it should give rise to ascospores. While 
the presence of spores in yeasts is not necessarily proof of conju- 
gation, their absence may be considered evidence of an absence 
of sex. The morphologic variations encountered are of the sort 
which may be expected in an aging culture, not of the degree to 
be found in a life cycle; they represent a cytomorphosis rather 
than a cyclogeny. The transformation from free cells to rudi- 
mentary mycelium is a mere change of growth-form characteristic 
of many lower fungi, and quite independent of life cycles. 

While unable to state the fundamental causes of these mutation- 
like variations, there are apparently two factors involved. One 
of these is the artificial selection practiced throughout the experi- 
ment. Each subculture is started from some chosen differentiated 
part of the colony. And again, in isolating single cells from the 
chosen part of the colony, a selection is made, blindly, it is true, 
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but nevertheless a selection. It is obvious that such a procedure, 
often repeated, will bring to light an inherent tendency to varia- 
tion which might be entirely masked if the culture were carried 
through a series of generations by simple mass transfers. The 
other factor is intrinsic in the culture itself. It is noteworthy 
that the degree of variation observable in a giant colony pro- 
gresses steadily with the age of the culture. This has been ob- 
served repeatedly, also, in studies of variation in bacteria. It may 
well be due to the action of some product of metabolism upon the 
cells, inducing either a temporary modification of the organism, 
or a permanent alteration of genes, resulting in transmissible 
variations. 

The fact that such variations appear more frequently in giant 
colonies than in ordinary mass cultures may be due to the establish- 
ment of a metabolic gradient from the oldest central part of the 
colony to the youngest peripheral zone. Such a gradient would 
explain the differentiation of a colony with a rough (or red) 
central portion, and a smooth (or white) peripheral portion. It 
would readily explain the peculiar symmetrical pattern of such a 
colony as Dib. It would not, however, account for sectors and 
secondary papillae, which appear to be entirely fortuitous or 
accidental phenomena. It is probable that we have to deal here 
with two distinct categories of phenomena: a differentiation of the 
colony, analogous to the differentiation of the cells of higher 
organisms into tissues and organs, and probably determined by 
a radial metabolic gradient; and sudden, mutation-like changes 
occurring in any part of the colony, analogous to bud-sports in 
higher plants. Variations in the first category should not be 
permanent, while those of the second type should be more or less 
so. But a clear separation of these two types of variation will 
prove a difficult task. 


SUMMARY 


I Variations in a chromogenic, asporogenous yeast, T'orula pul- 
cherrima, have been observed in giant colonies started from single- 
cell isolations. 
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Red and white, smooth and rough variants were encountered. 
These variations occur independently. 

Rough forms are associated with the formation of rudimentary 
mycelium. 

Although the observed variations showed a tendency to breed 
true, no completely stable variants were obtained. 
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INTRODUCTION 


The point of view directing these studies can be briefly stated 
as follows: 

In any tuberculous lesion the bacilli must obtain energy for 
life and growth. The processes involved and their significance 
for the progress or arrest of a lesion can be investigated by study- 
ing, first, the metabolic characteristics of the bacteria, and sec- 
ond, the environment to which they are exposed. 

For the sake of concreteness we reproduce figure 1, outlining 
the physical and chemical features in the environment of the 
tubercle bacillus. Particular attention may be directed to the 
blood supply, the monocytes and the caseous material because 
they may be essential determinants of the quantity of energy 
available to the bacteria. The detailed experiments and dis- 
cussion of these factors must appear later in the course of the 


papers.’ 


1 This study is part of a group investigation in codperation with the Research 
Board of the National Tuberculosis Association. Preliminary reports of this and 
the succeeding paper have been published in the American Journal of Physiology, 
1929, xc, 423, and the Transactions of the National Tuberculosis Association, 1930, 
xxvi, 196. 

? For the microphotograph upon which the diagram is based we wish to express 
our appreciation to Dr. W. Grethman of the Tuberculosis Service of Bellevue 
Hospital. 
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METHODS 


The organism and its cultivation. The strain of human tuber- 
cle bacillus known as H37 was used in these experiments. The 
cultures were all transplants of the stock material that had been 
grown from a single organism isolated by Kahn (1929). This 
has been the parent cell of all the cultures employed by the 
laboratories associated with the Research Committee of the 
National Tuberculosis /Association. The strain was originally 





Fic. 1. Tae CuemicaL ENVIRONMENT OF THE TUBERCLE BACILLUS IN THE 
AntmaL Host 


Monocytes: Consume oxygen; produce lactic acid; influence pH, undergo 
caseation. 

Caseous material: Coagulated protein; proteose; amino acids; lipoids (20 per 
cent)—lecithin, cholesterol esters, eo BY fat, and calcium soaps; lactic acid; 
glycogen. Salts: Na, K, Ca, Mg, Fe. 

Blood: Glucose, 0.1 per cent; lactic acid, 0.02 per cent; protein, 7.0 per cent; 
amino acids; lipoids, 0.7 per cent—lecithin, cholesterol, and glycerides of oleic, 
palmitic, and stearic acids. Salts: Na, K, Ca, Mg, Fe. 


cultivated some twenty years ago at the Trudeau laboratory. 
It is said to be only moderately virulent for the guinea pig. 
According to Petroff, Branch, and Jennings (1929) this varies 
with the composition of the medium. Our cultures were main- 
tained in successive transplants on fluid medium of Long (1924) 
made with the fixed stock reagents controlled by the Research 
Committee of the National Tuberculosis Association. 
This solution has the following composition: 


Magnesium sulphate neueeis eke oeweaenes 2.0 grams 
Glycerol peste dnxeasenadees ’ pice eid 'wians 100.0 ee. 

Asparagin........ sae os . 
Ammonium citrate ; 10.0 grams 
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Potassium acid phosphate 6.0 grams 
Ferric ammonium citrate ‘ 0.1 gram 
Sodium carbonate.... 4.2 grams 
Sodium chloride............ : 4.0 grams 
Distilled water to..... 2000.0 cc. 


The pH was adjusted to 7.2 with the help of sodium carbonate. 

Value of starvation. Early in these studies it was found that 
removal of tubercle bacilli from Long’s to a non-nutrient solution 
did not result in a prompt depression of the respiration. De- 
prival of foodstuff for several days was necessary. 

Non-nutrient solutions employed. For this purpose the sur- 
face growth of bacilli was floated upon sterile solutions in Erlen- 
meyer flasks. We employed 50 cc. of a solution containing 0.9 
per cent sodium chloride and m/150 sodium phosphate buffers at 
a pH of 7.4. After several days on this fluid the bacteria were 
transferred to the respiratory vessels for metabolic study. 

Depending upon the purpose of the experiment these contained 
one of the following solutions: 


1. Long’s medium, unchanged or with the omission of one or more 
ingredients. 

. A 0.9 per cent solution of sodium chloride buffered with sodium 
phosphate as just described. 

3. Distilled water similarly buffered. 


to 


The last two were employed with or without the addition of the 
foodstuff to be tested. 

Apparatus for measuring oxygen consumption. We used Bar- 
croft-Warburg manometers, of which a full description will be 
found elsewhere (Richardson, 1929). Figure 2 is a diagram of the 
manometer as modified for these experiments. The left limb of 
the manometer being in the same plane as the right, does not 
appear in the diagram. At the U-shaped bend both limbs com- 
municate with each other and also with a rubber reservoir con- 
taining Brodie’s manometer fluid. In operation the vessel was 
submerged in a water bath at 37.5°C. while the manometer was 
on the outside of the thermostat except where it was attached 
to the vessel by means of a ground glass connection. 

Inasmuch as contact of the organisms with the stem of the 
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manometer would increase the hazard of dissemination when the 
two parts were detached from each other, the stem of the manom- 
eter was constructed to fit on the outside of the vessel. The 
whole system mounted on a board was supported on a shaker 
which accommodated seven such units for the purpose of produc- 
ing a to-and-fro motion. The shaking brought about prompt 
diffusion and equilibrium between the gases of the fluid in the 
vessel and the space above it. The vessels were of about 20 ce. 
capacity. They usually contained 2.2 ce. of fluid. Of this, 
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Fic. 2. Mopiriep Barcrort-WarRBURG MANOMETER 
Scale: | | = 2.5 cm. 


0.2 cc. was N KOH in the central portion which served to absorb 
carbon dioxide produced as the result of respiration. When the 
bacteria in the 2 ec. of fluid consumed oxygen there was a fall 
in pressure as recorded by the manometer. By multiplication 
with an easily derived factor this was converted to cubic milli- 
meters of oxygen consumed. Results were expressed as cubic 
millimeters per moist milligram of bacteria per hour. 

Before transfer to the vessels the bacteria were placed for a 
few minutes on filter paper until the adherent moisture was ab- 
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sorbed. Then they were transferred to small crescentic pieces 
of thin watch glass which were introduced into stoppered tares 
and weighed. An amount of bacteria sufficient to cause a change 
in pressure of 25 to 100 mm. per hour was chosen. The slip of 
glass containing this quantity was placed at the bottom of the 
Warburg vessels. Here the clumps were disintegrated with the 
aid of a wire because it was found that such comminution led to 
greater uniformity in respiration. After this, the vessels were 
attached to the manometers, suspended in the water bath, shut 
off from the outside air by turning the stop-cock of the manom- 
eter, and then shaken for about twenty minutes in order to 
establish equilibrium. ‘The first two readings occurred at fifteen- 
minute intervals. Later ones were taken every half hour. In 
every experiment the oxygen consumption was determined in 
duplicate or triplicate. 

Method of measuring the influence of foodstuff upon the starved 
bacteria. In experiments with the various foodstuffs there was 
included a determination of the oxygen consumption of the 
starved bacteria in a saline phosphate solution. With these 


figures one could easily calculate how much the foodstuff had 
increased the respiration above the “starvation” level. With 
sodium lactate the respiratory studies were supplemented by the 
chemical determination of the lactate disappearing from the 
solution. 


SOURCE AND PREPARATION OF FOODSTUFFS 


Carbohydrates and allied compounds. Of the foodstuffs employed in 
these experiments, glucose, racemic sodium lactate, mannose and levu- 
lose were obtained from Kahlbaum. Since the sodium lactate varied 
in concentration and was generally somewhat acid it was necessary to 
determine the concentration by chemical analysis and to neutralize 
with n/10 NaOH before using. The glycogen, inositol, and arabinose 
were Eimer and Amend’s C.P. Glycerol C.P. was obtained from 
Mulford. 

Fatty acids. Oleic, stearic and palmitic acids were C.P., Eimer and 
Amend. They were saponified with sodium hydroxide and then salted 
out with sodium chloride. The oleate went readily into solution, while 
the other two formed a suspension. After warming and shaking they 
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were all diluted 1:10 with phosphate at pH 7.4. The molarity of the 
phosphate was higher than usual, i.e., m/75, in order to keep down the 
pH of the solutions. Tested at room temperature this was between 7.4 
and 8.0 for the various soaps. 

Fats. In order to test the influence of an animal fat we employed 
cream of 40 per cent fat content. This was washed repeatedly with 
distilled water, centrifuged, and made up to a 1 per cent suspension. 
Finally, it was diluted with 9 times its volume of m/75 phosphate solu- 
tion in water or in physiological saline. Owing to irregularities in sus- 
pension the material probably had less than the indicated amounts of 
fat. In addition, it contained at the time of one experiment 0.0005 per 
cent of lactic acid, no reducing sugar, and 0.005 per cent of nitrogen. 

Serum and serum fat. The serum used for these experiments was 
obtained from normal or arthritic patients by venepuncture and cen- 
trifugation under sterile precautions. Several specimens were then 
pooled. By means of the addition of 2 or 3 drops of n/10 HCI per cubic 
centimeter of serum the pH was brought to 7.4 before use in the War- 
burg vessels. In order to extract the fat, 15 ec. were precipitated with 
250 ec. of alcohol-ether in a mixture of 3:1. After filtration the filtrate 
was evaporated down to 3 or 4 cc., at which time no odor of alcohol or 
ether was perceptible. The residue was taken up by the usual solution 
of phosphate and saline at pH 7.4 to a final volume of 15 cc., i.e., the 
original quantity of serum. 

Control of glucose and lactate in serum. In two experiments the lactic 
acid and glucose content of the extract were determined. Then control 
experiments, where these quantities were added to a solution of saline 
phosphate, were included in the experiments on serum fat. In two 
others, those interfering substances were removed by dialysis for three 
days during which the washings were changed twice. It was further 
necessary to concentrate the final solution about 40 per cent by evapora- 
tion in order to restore it to the original volume. 

Lecithin. Lecithin from eggs (Eimer and Amend) was made into a 
0.5 per cent suspension in a solution of saline and phosphate. Except 
in the cases where the organisms were suspended in a thin film of solu- 
tion in 50-cce. Erlenmeyer flasks for incubation over night neither the 
serum fat nor the lecithin was autoclaved. 

Caseous material. This was obtained from a tuberculous kidney at 
operation. The lesions did not communicate with the ureters so that 
the chances of secondary infection were greatly diminished and, in fact, 
cultures on ordinary media were sterile. In one set of chemical deter- 
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minations we obtained the following figures: Lactic acid, 0.0006 per 
cent; glucose, none detected; and nitrogen, 0.14 per cent (expressed as 
protein). 

The material was kept on ice until ready for use when it was diluted 
with 9 times its volume of buffered saline solution. 


DISCUSSION OF METHODS 


Respiratory experiments contrasted with cultivation or inoculation ex- 
periments. It is to be noted that the method which we have employed 
gives the average respiration per milligram of the whole mass of bacteria 
under investigation. 

This contrasts with the methods which have generally been used for 
studying the metabolism of the organism. These depend upon the 
growth of the organism during the experimental period or upon the 
death of an animal by inoculation. With both of these procedures the 
survival of a few bacteria may be sufficient to give positive results. 

Other types of measurement of the gaseous metabolism. There have been 
few studies of the respiratory metabolism of the tubercle bacillus. 
Novy and Soule (Novy, Roehm and Soule, 1925; Novy and Soule, 
1925 and 1927) measured the consumption of oxygen and the production 
of carbon dioxide by a culture of tubercle bacilli over a period of weeks, 
during which time active growth and in consequence, considerable 
alteration in bacterial mass occurred. Merrill (1930, 193la and b) has 
obtained figures for the total carbon dioxide produced during growth of 
cultures of acid-fast bacteria. 

Although such experiments are of great value they are subject to 
several limitations. The metabolic transformations cannot be ex- 
pressed per unit of organism. Nor can those changes be studied which 
may occur in the respiratory metabolism or in the number of viable 
organisms during the several weeks which comprise the period under 
observation. 

Finally the heaping up of bacteria during growth adds a complicat- 
ing factor due to the distance of the organisms from the foodstuff. 

Control of contamination during respiratory measurements. In the 
experiments reported in this paper, the period during which respiration 
was measured was only a few hours. This made possible a great gain 
in simplicity of manipulations, for it became unnecessary to maintain 
strictly aseptic conditions in the Warburg vessels. In 13 experiments 
to ascertain whether errors arise due to contamination, two control 
vessels were set up, containing Long’s solution but no bacteria. One 
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vessel had KOH in the well, while the other had none. The excellent 
agreement between the two indicated that no carbon dioxide was being 
produced by respiration. For, if it had been, a negative pressure would 
have resulted when the carbon dioxide was absorbed by the alkali. 
Among the many internal evidences that no further precautions were 
necessary may be mentioned the fact that tubercle bacilli after several 
months of culture showed no respiration although the manipulations 
and chances for contamination were exactly the same. 

Control of oxidation of foodstuffs—either spontaneous or by dead tu- 
bercle bacilli. Another possible source of error was the autoxidation 
of foodstuffs. The various soaps, serum fat, and lecithin were investi- 
gated and found to have no oxygen uptake. In the case of the soaps 
these control studies were also conducted in the presence of tubercle 
bacilli killed by autoclaving. After such treatment the organisms did 
not respire. 

Does shaking influence respiration? In attempting to apply data 
obtained by the Warburg technique to conditions in culture and in the 
body one other question immediately presented itself. Was the respira- 
tion of the bacteria influenced by the shaking of the Warburg vessel? 
It was found that absence of shaking was associated with a diminution of 
oxygen uptake which varied from 25 to 55 per cent. For two reasons 
this difference might have been more apparent than real. It might 
have been due to a failure of gaseous equilibrium in the unshaken vessels, 
or to the tendency of the unshaken bacteria to form large macroscopic 
clumps. Inasmuch as the organisms in the body do not generally form 
such aggregates it may well be that the respiration measured by our 
routine procedure is closer to the value obtaining in the body. How- 
ever it would be unprofitable to pursue this discussion since the environ- 
ment of the tubercle bacilli in the body may easily cause much wider 
differences in respiration than those which have been considered here. 


RESULTS 

Influence of age of culture and of alterations in culture medium upon 
respiration. In order to study the fluctuations of oxygen consumption 
with age a single culture was used to seed a large number of Erlenmeyer 
flasks of 200 cc. capacity, each containing 50 cc. of Long’s medium. 
Every week, three flasks were removed from the incubator, an adequate 
amount of the floating film of microérganisms was lifted out with a very 
large wire grid, and the clear underlying culture medium was aspirated. 
The bacteria were weighed and then re-united with 3 cc. of the aspirated 
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solution in a Warburg vessel, where the respiration was studied. The 
figures are given in curve I of figure 3. 

Although it was on the eighth day that the highest figure was ob- 
tained, 2.7 cu. mm., this was almost equalled on the fifteenth day, after 
which there was a rapid falling off. It may be mentioned that on the 
fifteenth and twenty-second day the organisms consumed the same 
amount of oxygen on fresh Long’s as upon their old Long’s medium. 

The results were much the same, except for a longer persistence of 
respiration, when the experimental procedure was altered by removing 
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Fic. 3. Tae Errect or AGE UPON THE RespiRATION oF H37 1n Lona’s Mepium 


areas of growth from the same flask on successive occasions (see curve 
II of figure 3). The uniformity of the respiration in different cultures 
of the same age and generation was striking, the deviation from the 
average being less than 0.1 cu. mm., except in one instance when it was 
0.3 cu. mm., from an average of 2.6 cu.mm. The level in the first two 
weeks of growth in the large group of subsequent experiments varied 
between 2.7 and 1.0 cu. mm. usually being nearer the lower figure. The 
latter represents a considerable utilization of oxygen, twice as much, 
for instance, as that recorded for the resting muscle of the dog, or one- 
third that of the dog’s kidney (Richardson, Shorr and Loebel, 1930) 
which has a high rate. However, it is only one-twentieth to one-fif- 
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tieth as high as the respiration of pneumococci (Finkle, 1931) that have 
grown on glucose broth and have been suspended in a buffered solution 
of 0.5 per cent glucose. 

The effect of the various constituents of Long’s solution upon respiration. 
Starting with the usual Long’s solution, one or more ingredients were 
omitted; or else starting with a buffered solution of saline-phosphate, 
glycerol was added. On these solutions of varying composition, the 
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Fig. 4. Tae Errecr or Various Constituents oF Lona’s SOLUTION UPON THE 
RESPIRATION OF H37 


respiration of organisms from the same culture was studied after a few 
days starvation. The results are shown graphically in figure 4. In the 
upper graph is shown successively the effect of the absence of glycerol, 
of the absence of nitrogenous constituents, and of the addition of glyc- 
erol. The summary reveals that glycerol was responsible for about four- 
fifths of the increase in respiration above the fasting level, and the 
nitrogenous constituents for one-fifth. Incidentally it may be remarked 
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that the increase caused by the latter is the usual share of the total 
contributed by protein in the ordinary diet of man. The iron and 
magnesium together had a negligible effect in short experiments. 

The low values in the salt solutions will be considered in greater detail 
in a following paper. At this point we should like, merely, to emphasize 
the extreme usefulness of the period of “‘starvation.”’ It depressed the 
respiration so that the effect of added foodstuff was not masked by 
reserves which the organism had itself stored. 

Effect of varying concentrations of glycerol upon respiration. Glycerol 
in a concentration of 5 per cent maintained respiration for four or five 
hours, both as an ingredient of Long’s solution and of buffered saline 
solution; in fact, in the majority of instances the later hours showed an 
increase over the first hour. This contrasted with the oxygen consump- 
tion without food which diminished sharply at a rate averaging 16 per 
cent per hour for the whole group of experiments. 

It is interesting to inquire whether glycerol is effective at concentra- 
tions lower than 5 per cent which is employed to obtain abundant 
growth. Table 2 shows that in solutions of 0.05 and 0.02 per cent the 
respiration was still considerable as compared to that in 5 per cent 
glycerol. Other experiments showed that even at 0.005 per cent a 
distinct action was apparent. Energy was available far below the 
concentrations necessary for maximal or even minimal growth. 

Effect of varying concentration of glucose upon respiration. Glucose 
(see tables 1 and 2) is known to be a partial substitute for glycerol in 
the cultivation of the tubercle bacillus. Table 1 shows the effect of 
this and other saccharides as well as sodium lactate and glycerol upon 
respiration. Glucose caused a definite increase, and also permitted a 
certain amount of growth when substituted for the glycerol of Long’s 
solution. It is worthy of note that the influence of glucose seemed to 
be detectable down to 0.1 per cent but not at lesser concentrations. 

Effect of levulose and other saccharides. (See table 1.) Levulose had 
no evident effect upon the respiration and permitted no growth. In 
two experiments glycogen supported a respiration 3 times as high as the 
fasting level. However, the absolute value was very low. Mannose 

vas without effect. Inositol and arabinose, which Roberts and Ander- 
son (1931) have found in the water soluble fraction of the purified wax 
of H37 gave no significant increase. 

Effect of varying concentration of sodium lactate. (See tables 1 and 2 
Sodium lactate, at a concentration of 5 per cent, caused an increase in 
the respiration of even greater magnitude than glycerol but did not 
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TABLE 2 


Effect of diminishing concentration of foodstuff upon the respiration of H87 


OXYGEN CONSUMPTION PER MOIST MILLIGRAM PER 


| 


FIRST HOUR 








com lier | £12 | g | ElEL ELE el ele) ele 
MENT | 6 $ o | & 5 | BF gis | @ | = r¥ 
= “s - a | 3 | - | ; = 2 
| 33 4" ele elelsiaisie|s|z 
£@ | €3 oj j= cicis silicic e 
& B SEl/SISIiS/S/S/8/8/ 8/8 
A. In glycerol* of varying percentages 
lo | ww [ee | SSIS ISiSiSiSsisiais 
3/8/30} 2 | 22 1 | 1.191.601.561.40) | | | | | 
3/13/30} 5 | 18 5 | 0.200.88/0.71/0.73) | 
4/14/30} 2 | 14 | 10 ; | | | [0.94 jo.76) | 
4/23/30} 4 | 14 | 11 | 0.25)1.12 1.17] | 
4/25/30) 4 | 14 | 13 | 0.15115) | | | 0.38)0.27 
7/15/31} 1 | 2 | 6 |0.25) | 10.67 0.5110. 380.35 
B. In glucose* of varying percentages 
l ie See ese oe Po ee ee 
Oe tok a ry { tt] emt 
| | 2s ra 
| [ee] 2g 
| | | be St. ss ed Hare 
| | Be) ge 
| | | se act ee bel oe j=—j= 
4/14/30} 2 | 14 10 0.560.580.16, | | 1.20 
4/18/30' 5: | 14 14 | 0.16 10.29 1.32 
4/23/30; 4 | 14 11 | 0.25 0.45) | 1.12 
5/30/30; 3 23 11 | 0.36 0.17 0.78 
7/18/31} 1h 21 4 | 0.37 0.49 0.39 1.48 
6/ 7/32| 2 20 12 | 0.09/0.300.29:0.07 E> 0.80 
| | | 
6/14/32| 3 18 4 | 0.200.560.450.28 | | 0.95 
C. In sodium lactate* of varying percentages 
4/ 5/30 1 15 7 | 0.19/2.76/2.67/0.96 0.68 0.44 
4/18/30; 5} 14 14 |0.16) | 0.43 1.32 
4/23/30| 4 144 | 11 | 0.25 0.83 1.12 
5/30/30} 3 23 11 | 0.36) | 0.40) 0.78 
6/ 5/30| 2 23, 16t; 17 | 0.10 0.74 te 
7/8/30; 3 17 19 | 0.16 0.41 Te Bi 
7/18/31| lh 21 4 | 0.37 0.64 0.49 1.48 


* These foodstuffs were added to the non-nutrient solution consisting of the 
usual saline and phosphate. 
t Two cultures were lumped. 
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promote growth. It must be added, however, that with a strength of 
1 per cent there was a consistent, if slight, increase in the area of the 
transplant. This did not persist after transfer to a fresh solution of 
lactate. 1 per cent sodium lactate was nearly as effective in support- 
ing respiration as higher concentrations. Even 0.02 per cent exerted a 
definite stimulation. 

Comparison of chemical and gasometric estimation of the utilization of 
lactic acid. A comparison of the oxygen uptake and the simultaneous 
disappearance of lactic acid is contained in the following protocols. 


July 8, 1930 


. Lactic acid in 4 ce. of solution = 4.02 mgm. 
. Lactic acid per milligram of H37 = 0.0015 mgm. 
. Lactic acid in 4 ec. of solution + 339 mgm. of H3?7: 
a. At end of equilibration, i.e., beginning of experiment = 4.53 mgm. [caleu- 
lated from (1) and (2)). 
b. At end of 44 hours of respiration = 3.32 mgm. 
Difference = lactic acid disappearing in 44 hours 1.21 mgm 
The total oxygen consumption in 44 hours was equivalent to 1.03 mgm 
The oxygen consumption in lactate minus that in a non-nutrient solution was 
equivalent to 0.67 mgm. 


July 21, 1930 


1. Lactic acid in 4 ec. of solution = 3.78 mgm. 
2. Lactic acid per milligram of H37 = 0.00097 mgm. 
3. Lactic acid in 4 cc. of solution + 303 mgm. of H37: 
a. At end of equilibration, i.e., beginning of experiment 4.11 mgm. [cal- 
culated from (1) and (2)) 
b. At end of 5 hours of respiration = 3.08 mgm. 
Difference = lactic acid disappearing in 5 hours = 1.03 mgm 
The total oxygen consumption was equivalent to 1.08 mgm. 
The respiration in lactate minus that in a non-nutrient solution was equivalent 
to 0.60 mgm. 


On the basis of the total oxygen consumption all of the lactie acid 
disappearing could be explained by its complete oxidation or, conversely, 
all of the respiration would be due to the lactic acid. However, there 
is no certainty that the material which was oxidized in the non-nutrient 


solutions was entirely displaced by the lactate. If the results are 
computed on the assumption that no such displacement occurred, then 
only two thirds of the lactic acid which disappeared was accounted for 
by oxidation and the rest might have disappeared by being synthesized 
to some other compound or by incomplete combustion. 

The effect of fatty acid upon respiration. Is glycerol the only fraction 
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of the fat molecule which can supply energy, or can the fatty acid por- 
tion of the molecule also serve the same function? As evidenced by 
table 1 the oxygen consumption even with a concentration of 0.1 per 
cent of a soap of the higher fatty acids, was considerably higher than 
with Long’s solution or with glycerol in a concentration of 5 per cent. 
With oleate there was a falling off in respiration of 30 per cent per hour. 
With the other two there was little or no change (see fig. 5). This dis- 
tinction was borne out by exposing the bacilli to soaps in the same 
strength for 18 hours in dyer’s beakers of 600 cc. capacity. To prevent 
the prompt sinking which otherwise took place they were floated on 
cork dises wrapped with filter paper to keep the bacilli wet. As had 


8.0 Oleate 0.1% 
Palmitate 0.1% 
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or H37 


been previously shown by others, the presence of cork and filter paper 
was not injurious in control experiments on Long’s solution, where the 
customary profuse growth took place. When a solution of oleate was 
used to suspend the organisms for 18 hours and then to test the respira- 
tion, it was found after 18 hours that the power to consume oxygen had 
been lost, whereas a similar procedure with palmitate showed that the 
respiration was as high after 18 hours as after 1 hour. 

Effect of fatty acids upon growth. To test the inhibition of growth, 
organisms were floated upon suspensions of stearate in a concentration 
of 1:10,000. After 4 hours the bacteria were transferred to the surface 
of fluid Long’s medium. In 14 days the transfers from stearate multi- 
plied to form a thin sheet covering one-third of the surface. 
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Effect of fat. Inasmuch as both glycerol and fatty acid were available 
as sources of energy the question arose whether fat itself would stimu- 
late respiration. Table 1 shows a very definite stimulation of respira- 
tion by cream fat. The oxygen consumption was fairly well main- 
tained, the change being minus 6 to 8 per cent per hour as compared to 
the first hour. On Long’s medium in which milk fat was substituted 
for glycerol to make a concentration of 0.1 per cent there was no growth. 

Effect of serum. (See table 1 and fig. 6.) Here the respiration was 
higher than in 5 per cent glycerol or in Long’s solution. There was no 
tendency to diminish from hour to hour. Even when the serum was 
diluted with 9 times its volume by means of saline-phosphate it caused 




















2.0 = 
6 
2 
ke 
eo 
- 
wo = 
£ 
o 
-s 
° 
€ 
Lal _— 
4 1.0 Caseous material 
c 
% Glucose 0.045% 
R 
° 
ai 3 
° cer 0.047% 
F = = 
5 ie N food 
! [ j oe j 
Hour ie) 1 2 3 + 5 6 


Fic. 6. Tue Errect or Serum anp Caseous MATERIAL UPON THE RESPIRATION 
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a rise to 3 times the fasting level. Very little of this was due to the 
presence of glucose or lactate in the serum, as was shown by controls 
in which the same amounts of glucose or of lactate were added to saline- 
phosphate solution. 

Importance of serum fat. (See table 1.) Could it have been due to 
serum fat? In 4 out of 5 experiments with that material the respira- 
tion was stimulated to 6 or 10 times the fasting value. This compared 
favorably with the stimulation by glycerol, but lagged behind whole 
serum. In one experiment the increased respiration brought about by 
serum fat was maintained for a long time. This material was made 
free of glucose and lactate by dialysis. Then it was used, first, to sus- 
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pend tubercle bacilli in an Erlenmeyer flask over night in the incubator 
and on the following day to suspend the same organisms in Warburg 
vessels where their respiration was measured. It was found that even 
after this prolonged contact (19 hours) the serum fat stimulated as much 
as usual. 

Effect of lecithin. (See table 1.) If one next examines the three 
experiments with lecithin it will be seen that the latter caused a five- 
fold increase in the respiration. It was as effective as glycerol. Even 
after tubercle bacilli had been in contact with lecithin for 19 hours in an 
Erlenmeyer flask they showed this heightened respiration when studied 
in Warburg vessels containing lecithin. 

Effect of caseous material. (See table 1 and fig. 6.) In all 4 of the 
experiments with caseous material the respiration was stimulated con- 
siderably above the “fasting” level and in two out of the three experi- 
ments where the comparison was made, the stimulation even exceeded 
that by Long’s solution. 


DISCUSSION 


Increased respiration as a criterion of food utilization. From 
the data it is obvious that a number of foodstuffs caused an in- 
crease in oxygen consumption. Was this entirely due to the 
oxidation of the food or did the latter merely act as a general 
stimulus under whose influence the bacteria oxidised food they 
had carried over from Long’s culture medium? In many experi- 
ments the bacteria were starved on saline phosphate for so long 
and the fasting level of the respiration was so low that it is ex- 
tremely improbable that a considerable amount of food could 
have been transferred with them into the respiratory vessels. 
Nor is non-specific stimulation a likely explanation of the numer- 
ous instances where the presence of food was associated with an 
oxygen consumption that was much higher than the fasting level 
from the beginning and was maintained at a high figure from 
hour to hour. As can be seen from table 1 the respiration with 
food was nearly always at 2 or 3 times the fasting level, and 
occasionally, 10 times as great. On the whole, these levels were 
well maintained. In Long’s medium, in glycerol and in sodium 
lactate there was even a tendency to increase from hour to hour. 
The soaps varied in this respect. Oleate caused a decline of 30 
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per cent per hour whereas palmitate and stearate exhibited no 
change. The last one mentioned, in fact, supported respiration 
after 18 hours at the same level as in the first hour. The decline 
with milk fat averaged 1 per cent, with serum 2 per cent, and 
with caseous material 8 per cent. The average decline in oxygen 
consumption without food was 16 per cent. 

Besides the maintenance of respiration one can obtain evidence 
that a foodstuff is a source of energy by observing whether it 
supports growth. With many of the substances such experi- 
ments were performed in addition to the respiratory determina- 
tions. They will be discussed in the text below. 

The most conclusive evidence can be furnished by comparing 
the increase in oxygen consumption with the amount of the food 
which disappears. The latter can be determined chemically. 
When this experiment was performed with sodium lactate an 
exact correspondence was found. In view of the facts, it is likely 
that in all cases the increases of respiration represented the utiliza- 
tion of the food which had been added. 

The réle of glycerol. For a variety of reasons, glycerol is perhaps 
the most important material which was studied. 

In the early days of cultivation of the tubercle bacillus glycerol 
was added to culture media as a hydrophilic agent (Nocard and 
Roux, 1887). The fact that it was essential for the abundant 
growth of many strains indicated that it was much more than 
this. Even with the unsatisfactory methods available for the 
determination of glycerol C. Siebert (1909) was able to demon- 
strate that large amounts disappeared during the growth of a 
culture. Novy and Soule (1925) measured the total oxygen 
consumption and carbon dioxide production of culture tubes of 
tubercle bacilli from the time of inoculation to a month or more 
of age. The respiration was about 4 times as great with agar 
broth containing glycerol as with a similar medium containing 
glucose or with rabbit’s serum. 

Inasmuch as the growth was also more abundant in the first 
instance it is impossible to state whether the respiration per unit 
of weight was different. The fluctuations which may have 
occurred at the various age periods were not measured. Utiliza- 
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tion of the foods in question was indicated by respiratory quo- 
tients which approximated the theoretical values for glucose and 
glycerol. With serum, the quotient was 0.90. There is how- 
ever some difficulty in accepting this simple explanation. In 
order to obtain a medium on which the bacteria grew it was 
necessary to use broth in addition to glycerol. The oxidation of 
nutrient material in the former might easily cause alterations in 
the respiratory quotient. The occurrence of metabolic trans- 
formations other than complete oxidation to carbon dioxide and 
water must also be considered. These complicating factors may 
explain why in later work with the bovine bacillus (Novy and 
Soule, 1927) obtained respiratory quotients with glycerol which 
were somewhat higher than the theoretic. In spite of this criti- 
cism it is very hard not to be impressed by the almost theoretic 
quotients for glycerol and glucose which they obtained. There 
is great likelihood that with the human and bovine tubercle 
bacillus in glycerol broth, the oxidation of glycerol is complete 
and altogether overshadows, in amount, the oxidation of other 
foodstuffs. , 

Regardless of whether glycerol is oxidised completely or not, 
the experiments which we have performed in the Warburg vessels 
demonstrate that glycerol supplies a very considerable amount of 
energy. The application of this fact to the growth of the tubercle 
bacillus in man is not entirely obvious. 

Long (1930) pointed out in a recent Harvey lecture the dis- 
crepancy between the high concentration of glycerol necessary 
for growth and the low concentration in the circulating blood. 
Whereas 5 per cent is necessary for abundant growth of H37 and 
0.5 per cent for the minimum, the concentration in human blood 
is probably very small. In pig’s blood Schmitz (1912) found 0.004 
per cent. His figure for ox blood was 0.002 per cent which com- 
pares with 0.007 per cent obtained by Tangl and Weiser (1906). 

It will be recalled that in our experiments distinct increases of 
respiration were obtained with 0.005 per cent. Moreover, refer- 
ence to table 2 makes it apparent that respiration was at the same 
level whether the concentration was 5 or 0.1 per cent, so that a 
low concentration, supplied continuously might furnish as much 
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energy as higher concentrations. For that reason the failure of 
H37 to grow in a culture flask containing less than 0.5 per cent 
glycerol does not rule out the possibility of growth at low con- 
centrations of glycerol in a circulating blood stream. The culti- 
vation experiments have even less weight against the respiratory 
experiments in answering the question whether very low concen- 
trations of glycerol may not furnish energy for survival if not for 
growth. Before leaving the subject it may be mentioned that it 
is by no means clear that in the body the organisms depend upon 
the blood stream directly for glucose or any other material which 
they may utilize. It is well known that tubercle bacilli are 
generally found in cells, usually of the monocytic series. While 
here, the concentration of glycerol is unknown, one must not lose 
sight of the possibility that these cells may be the source of gly- 
cerol (perhaps derived from fat) and other foodstuffs which the 
bacteria employ. 

The significance of glucose. Because of the ubiquity of glucose 
in the body and its obvious importance in metabolism in most 
cells, its réle in the nutrition of the tubercle bacillus cannot be 
neglected. Even the earlier workers like Proskauer and Beck 
(1894) were of the opinion that glucose improved growth in 
media containing glycerol. However there is a general belief 
that glucose cannot completely replace glycerol. Many strains 
will not grow when dependent for their carbon supply upon glu- 
cose alone. 

For instance, 8. Kondo (1925) found this to be the case with 
3 out of 6 different strains. Frouin (1921) believes that high 
concentrations, e.g., 15 per cent, are necessary. In agreement 
with Long and Finner (1927) and with Merrill (1930) we have 
found that H37 will grow on 5 per cent glucose, but only scantily. 
Gamble and Herrick (1922) first showed for H37 and another 
human strain that glucose disappeared in the process. Merrill, 
in a much more thorough investigation employed glucose or 
levulose, at first in a broth (1930) and later in a synthetic medium 
where ammonium sulphate served as the source of nitrogen 
(193la and b). He estimated the amount of carbohydrate dis- 
appearing, the carbon dioxide formed, and the ammonia produced. 
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From his data most of the glucose disappearance occurred because 
of oxidation rather than synthesis into protoplasm. The oxida- 
tion was complete, i.e., no intermediate product accumulated in 
the solution. 

Our own results show that glucose can stimulate respiration, 
but in comparison with glycerol, very poorly. The stimulation 
can be observed at concentrations of 0.1 per cent which is the 
normal value in the blood, so that it may be significant for the 
life or growth of the tubercle bacillus in the body. 

The position of sodium lactate. This is rather unique. We 
have found that for short periods it stimulates the respiration 
better than glycerol. We have not investigated its influence 
upon the bacteria over a period of more than 5 hours. For that 
reason it is impossible to emphasize the complete failure of 5 per 
cent sodium lactate to support the growth of H37. The inade- 
quacy of sodium lactate for growth has been observed, among 
others, by Long (1922) and 8. Kondo (1925). The early stimula- 
tion of growth in concentrations of 1 per cent lactate needs further 
study. At the present time attention may be directed to two 
facts. First, very low concentrations of lactate, even as low as 
the physiologic level in the blood, stimulated the respiration. 
This may furnish energy for survival of the bacteria. Second, 
the monocytes in which the organisms are usually situated can 
form large quantities of lactic acid from glucose. The former 
may be the superior source of energy, judging from the respiratory 
experiments. These facts may well have some bearing upon the 
parasitic relation between tubercle bacilli and epithelioid cells, 
evidence for which has been adduced by Cunningham, Sabin, 
Sugiyama, and Kindwall (1925). 

The influence of glycogen. The stimulation of the respiration 
by glycogen shows that the tubercle bacillus has the power to 
utilize that substance. Corper and Sweany (1918), however, 
were unable to demonstrate diastase or sucrase in tubercle bacilli 
killed with toluol. The intermediate transformations are there- 
fore quite unknown. 

Soaps and fats. These have received a certain amount of 
attention in the literature, but mostly as inhibitors of growth. 
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Larsen, Cantwell and Hartzell (1919) added castor oil soap to 
glycerol broth in sufficient amount to depress the surface tension 
to 44 dynes (about 0.01 per cent) with the result that growth was 
delayed. Cooper (1930) added castor oil soap to Proskauer and 
Beck’s medium and observed that growth was delayed in propor- 
tion to the concentration of soap and the depression of the sur- 
face tension. Soap in a concentration of 0.04 per cent or less, 
added to a medium similar to the above but containing no gly- 
cerol, gave no growth in three months. Chang (1922) observed 
with soaps of oleic, palmitic, and stearic acid and of castor oil, 
a depression but no suppression of growth. With the saturated 
soaps there was less effect than with the unsaturated. Schdbl 
(1924) in a most comprehensive study of this question found that 
concentrations of between 1 and 0.5 per cent of oleic, palmitic and 
stearic acid were inhibitory. 

Our own results showing pronounced stimulation of respiration 
at very low concentrations make it very likely that they can 
furnish considerable energy. It is an open question whether this 
can be applied toward the creation of new protoplasm. Many 
of the earlier experiments upon growth seem to have been done 
upon fluid media where their results are invalidated by the sur- 
face-lowering activity of soaps which causes the cultures to sink. 
In our own experiments we found that concentrations of 0.1 per 
cent gave very marked stimulation of respiration. The failure 
of growth to occur on soap media of this strength made up in 
agar is not conclusive because there would not be growth even 
upon glycerol at such low concentration. 

Lecithin. The availability of lecithin as a food is amply dem- 
onstrated by these experiments. Marpmann (1897) was able 
to show that a 10 per cent solution of lecithin which settled to gel 
supported growth. It is quite likely that the excellence of egg 
media for growth is due, in part, to the presence of large quantities 
of lecithin. 

Cream and serum fat. The pronounced stimulation of respira- 
tion with the fat derived from cream and from serum furnished 
some indication that these are used as such or after hydrolysis. 
There is some work to support the second alternative. Wells 
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and Corper (1912) showed that tubercle bacilli have an esterase 
which decomposes ethyl butyrate and glycerol triacetate. Mi- 
chaelis and Nakahara (1923) found a lipase which was active in 
decomposing tributyrin. 

Serum fat. Serum fat is one of at least three materials which 
occur in the blood in amounts that stimulate the respiration of 
H37, i.e., serum fat, glucose and lactate. To this list glycerol 
should probably be added. The powerful action of serum fat is 
quite outstanding. In vitro it accounts for most of the bacterial 
respiration in serum, and may affect the tubercle bacillus in 
equally striking fashion in the body. 

Caseous material. The experiments with caseous material 
demonstrate that the tubercle bacillus, even in a relatively ad- 
vanced lesion, has a possible source of energy in its immediate 
environment. Starvation of the bacteria does not therefore 
appear to be a factor in the arrest of tuberculosis. The substance 
or substances in the caseous material which supply the energy 
were not determined. The possibilities have been indicated by 
several authors. 

Schmoll (1904) states that the bulk of caseous material con- 
sists of coagulated protein. He also found soap and glycero- 
phosphoric acid. In caseous human nodes Caldwell (1919) 
found that 19.7 per cent of the ash-free dry residue was lipin. 
Of this 31 per cent was lecithin. Only traces of purin were found. 
In the caseous material obtained from bovine lymph nodes a 
lower value was obtained for lecithin (16 per cent) and a compar- 
able one for cholesterol (27 per cent). The total nitrogen was 
0.26 per cent of the dry weight of which proteose was 35 per cent, 
free amino acid 15 per cent, and amino acid 27 per cent. 

From the results obtained by a study of the separate constitu- 
ents of caseous material one would expect that it would be cap- 
able of supporting a high respiration unless a toxic substance was 
also present. For the existence of the latter there was no evi- 
dence during the periods embraced by these experiments. 


SUMMARY 


The tubercle bacilli of the H37 strain consume oxygen at a 
rate which is comparable to that of mammalian cells. 
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One of the foodstuffs which causes the highest oxygen consump- 
tion is glycerol. However, for purposes of oxidation this can be 
replaced by a number of substances. Some are about as effee- 
tive as glycerol. These are sodium lactate, the sodium salts of 
the higher fatty acids, and diluted blood serum or caseous ma- 
terial. Lecithin, milk and serum fat fall in the same category. 
Smaller effects are observed with glucose and glycogen. 

For respiration, it is not necessary that the substances men- 
tioned should be present in the concentrations required for abun- 
dant growth. Stimulation of respiration by glycerol is perceptible 
at 0.005 per cent and by sodium lactate in nearly as weak solution. 
The effect of soap is very marked at 0.1 per cent. Milk fat at 
this dilution seems to produce detectable stimulation. 

Both glucose and lactate are effective in concentrations at 
which they occur normally in the blood. These observations 
explain how it may be possible for the tubercle bacillus to obtain 
energy from the circulating blood in the body at concentrations 
of various foodstuffs which in culture media may be unable to 
support rich growths. 

The réle of the white blood cells in supplying the bacteria with 
foodstuff has only been suggested. Glycogen and lactate might 
be more readily furnished by monocytes, for instance, than by the 
circulating blood. 

Finally, there has been a study of casous material. The 
latter contains several ingredients each of which is capable of 
supporting a high level of respiration by H37. In fact, upon this 
material there was evidence of adequate food supply and no toxic 
effect upon the respiration for several hours. 
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GENERAL INTRODUCTION 


In a previous paper (Loebel, Shorr and Richardson, 1933) a 
survey was made of the metabolic conditions which favor the 
survival and development of the tubercle bacillus. In the present 
study we wish to examine the environmental features which 
interfere with its survival and development. The factors of 
“starvation,” pH change, and anaerobic exposure will be con- 
sidered, as well as the interaction of the cells of a tubercle with 
the invading organism. 

In general, the methods were the same described in the earlier 
paper. In order to prevent repetition, only the deviations from 
our usual technique will be discussed in the experiments to follow. 


SECTION I. DEPRIVATION OF FOODSTUFF 


Introduction 

Originally we resorted to “‘starvation’’ of the bacteria as a 
technical procedure for securing a low level of respiration. From 
this as a base line the influence of foodstuffs could be studied. 
In addition to yielding information in regard to the utilization of 
foodstuff, the response of the bacteria to withdrawal and replace- 

1 This study is part of a group investigation in coéperation with the Research 
Board of the National Tuberculosis Association. 
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ment of food has interesting characteristics which may be of 
practical and theoretical significance. 


Methods 


At the outset we employed bacteria freshly removed from 
Long’s medium to Warburg vessels. Their respiration in a non- 
nutrient solution of saline phosphate was not much lower than 
in Long’s solution. Apparently enough of the original culture 
medium was carried over by the organisms to support excellent 
respiration for several hours. No greater depression of respira- 
tion was obtained by washing the organisms 8 or 9 times with 
saline solution upon a Buchner funnel. 

Development of present technique. Inasmuch as mere transfer 
of organisms, with or without washing was unsuccessful in 
reducing their oxygen consumption, it was necessary to try 
“starvation.” The method was to float the bacteria on 50 ce. 
of non-nutrient media in 200 cc. Erlenmeyer flasks for several 
days,—as a rule 2 to 10 days. The non-nutrient solution em- 
ployed was practically always the usual solution of saline and 
phosphate. In a few experiments physiological saline was used 
either alone, or buffered with acid phosphate and sodium carbon- 
ate in the amounts present in Long’s medium. 

Growth after ‘‘starvation.”’ In order to test the persistence of 
the proliferative capacity, three series of experiments were carried 
out in which transplants were made from the non-nutrient media 
at intervals up to 55 days. 

Rejection of sunken material before respiratory or growth experi- 
ments. One necessary precaution may be mentioned. Although 
the organisms tended to remain on the surface of the solutions, 
with the passage of time a certain amount of sinking occurred, 
and it was necessary not to employ the submerged portions in 
any subsequent studies. 


Results 


We may now consider the results obtained by transplanting 
organisms from a solution of saline and phosphate on which 
they had been “starving” to flasks containing Long’s fluid 
medium. 
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TABLE 1 
The effect of starvation upon the proliferative capacity of H37 








DAYS OF | | GROWTH ON DAYS OF GROWTH ON 
“STARVATION” | SERIES | LONG'S “STARVATION” SERIES LONG'S 
SOLUTION SOLUTION 
1 AU | + 12 AU +++ 
| AP | +00 AP ts+ 
2 AU ++ 13 AU aoe 
( AZ 1 Ped AZ +44 
| 
| AP ss? 14 AU ++ 
4 AU +4 
| AZ | +++ | AP +++ 
15 C_— 
5 | AU | ++ AZ | 0s+ 
| 
| AP | +? AP 4-4 
6 | AU } + 16 ‘ AU +++ 
l| AZ | +44 AZ 0++ 
(| AP 22? 18 AU +++ 
7 { AU | ++ 
( AZ | +++ 19 AP 07+ 
| | _ | AU +++ 
8 | AU ++ . AZ ++ 
(| AP | ovo 22 | aU | +44 
9 {| AU | ++ | 
| AZ | +++ 28 | aU ++ 
| 
} 
(| AP | 000 34 AZ ++++++ 
10 | AU z= 
\ AZ | +++ 55 AZ +++ 
(| aP | 00 
11 | AU cas 
\| AZ | +++ 
| 


The growth in each flask of Long’s culture medium is indicated by a single 
symbol. + = good growth, s = slight growth, 0 = no growth, ? = questionable 
growth; e.g.,00+ = no growth in 2 tubes and growth in the third. 





In the first series (AP in table 1), the results were not consistent. 
For some undiscovered reason growth failed to occur even after 
such short periods of “starvation” as 2 and 4 days. However, 
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after 15 and 16 days of “‘starvation” there was abundant growth. 
None occurred after 19 days. In the second and third series 
(AU and AZ in table 1) repeated subcultures from the non- 
nutrient medium were uniformly successful in initiating a profuse 
growth in Long’s fluid medium. One culture was used up to the 
twenty-eighth day of fasting, while the other served as seeding 
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Fic. 1. Tae Errecr or STARVATION UPON THE RESPIRATION OF H37 AND THE 
RESTORATION BY MEANS OF Lona’s SoLuTION oR GLYcEROL 5 Per Cent 


The figure below each block represents the number of days of “‘starvation.’’ 

The length of dark shaded block is the oxygen consumption per moist milli- 
gram per hour in the non-nutrient medium; the total length of the block is that 
in Long’s (L) or glycerol 5 per cent (G). 

In a few instances the organisms were not studied in a non-nutrient medium, as 
indicated by the absence of dark shaded block. 


material up to 55 days of “‘starvation;’’ the numerous transplants 
in the first two weeks, as well as transplants at later dates, all 
grew abundantly. 

Figure 1 gives the values after different periods of “starvation.” 
The unshaded area indicates to what extent the respiratory 
mechanism responded to the addition of foodstuff. The respira- 
tion tended to become progressively lower with the duration of 
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“starvation,” although individual instances of very acute fall 
or unusual persistence at a high level occurred. When averaged 
(see fig. 2) the following figures are obtained: After 1 to 4 days 
of “‘starvation’”’ the oxygen consumption in non-nutrient medium 
was 0.72 cu. mm. per milligram per hour; after 5 to 8 days, 0.3 
cu. mm.; after 9 to 12 days, 0.3 cu. mm.; after 13 to 16 days, 0.3 
cu. mm.; and after 17 to 47 days, 0.1lcu.mm. At the extremely 
low values the respiratory measurements were less accurate since 
the manometric changes were small even when large amounts of 
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of oxygen per moist mg. per hr. 
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Duration 1 to 4 
of 
Starvation 


5 to 8 9tol2 13 to 16 17 to 47 
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Fig. 2. Tae INFLUENCE OF LENGTH OF STARVATION UPON THE RESPIRATION OF 
H37 1n NON-NUTRIENT MEDIUM 


organism were used. It is also difficult to estimate the point 
at which complete recovery failed, on the average, to take place, 
inasmuch as the respiration when studied immediately after 
removal from the culture medium varied within certain limits. 
However, it can be safely said that restoration of oxygen con- 
sumption was complete after 15 days of “starvation’’ and in- 
complete after 34 days. 


Discussion 


Significance of variable respiration in vivo and in vitro. It is 
obvious that the power to decrease its oxygen consumption and 
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to conserve its stored food supply may be of great value to the 
tubercle bacillus. This behavior may be a substitute for spore 
formation, which permits certain other organisms to survive in an 
unfavorable milieu either inside or outside the body. 

It affords an easy explanation of the results of Webb, Gilbert, 
and Ryder (1921) who found, by guinea-pig inoculation, that 
tubercle bacilli survived 87 days in the incubator in saline, and 
of Shope (1926) who demonstrated survival after 325 days on ice. 
In their experiments the low temperature must have depressed 
the respiration even further than in our group at 37.5 degrees 
in which we found that the ability to grow was not necessarily 
abolished by 55 days of “starvation.”” Ballantyne (1930) was 
able to cultivate tubercle bacilli after 13} months on physiolog- 
ical saline at 37 degrees. 

Comparison with non-acid fast bacteria. It must not be thought 
that this ruggedness is a general property of bacteria. Winslow 
and Brooke (1927) found that Bacillus cereus and B. megatherium 
could not multiply after very short exposures to saline and cen- 
trifugation. The work of Finkle (1931) on the pneumococcus 
showed that in the absence of foodstuffs the organisms had their 
respiration reduced almost to zero within an hour. 

Several explanations for this last finding are possible, e.g., scan- 
tiness of stored foodstuff or its removal during his manipulations 
of centrifuging and re-suspending of the bacteria. It is even 
conceivable that the pneumococci, which have a respiration about 
20 times as high as the tubercle bacilli, may have consumed a 
great deal of their stored foodstuff during the preparations which 
preceded the actual measurement of respiration. From these 
remarks it is clear that the relation of storage of food, diminished 
need for oxygen, and survival must be more extensively investi- 
gated before one can judge whether the acid-fast bacilli are dis- 
tinctive in these particulars. 

Food supply under varying conditions in the body. The ques- 
tion arises: how frequently are these processes called into play 
when the tubercle bacillus is a parasite in the human body? In 
the areas where the bacillus may localize there are apt to be many 
foodstuffs which furnish energy for survival. It may be pointed 
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out, however, that even under these circumstances some partic- 
ular material may be lacking which is necessary for growth or 
for the maintenance of virulence. In fibrotic or calcified areas 
it may be that deprivation of foodstuff is complete. Here it is 
known that survival is possible after many months of encapsula- 
tion, and this may be due to the capacity of the tubercle bacillus 
to depress its oxygen consumption and to live on previously 
stored food. 


SECTION II. THE INFLUENCE OF H ION CONCENTRATION UPON 
H 37 
Introduction 


The level of the hydrogen-ion concentration frequently de- 
termines whether an organism is to grow or even to survive. 
Under natural conditions in the body the great fixity of the blood 
pH does not preclude a wide range of the local pH in the vicinity 
of the body cells known to elaborate lactic acid, phosphoric acid 
and (probably) ammonia. This applies particularly to tuber- 
culous lesions which are avascular and frequently walled off. 

Under artificial conditions, alterations in pH frequently occur 
in the cultivation of tubercle bacilli and, indeed, preliminary 
treatment with strong acid (Loewenstein, 1924; Cooper and 
Uyei, 1927) or alkali (Petroff, 1915) is generally practised in the 
isolation of acid-fast bacteria. 


Methods 


Technique for ‘“‘starving”’ and subsequently studying the respira- 
tion. For these experiments we employed a solution of physio- 
logical saline in which the pH was varied by the addition of 
various acids and bases. Glycerol, 5 per cent, served as the 
foodstuff except in experiments with lactic acid and its sodium 
salt, which could themselves both alter the pH and serve as a 
source of food. The cultures were transferred into the various 
solutions from Long’s medium on which they had been growing, 
except in one experiment where a 16-day-old culture was first 
transferred to saline phosphate of pH 7.4 for three days before it 
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was studied in the Warburg vessels. For all experiments, 2 cc. 
of each of the solutions were pipetted into a vessel to which 
weighed amounts of tubercle bacilli were then added. Before 
respiratory measurements began, the latter were in contact with 
the solution for 40 to 60 minutes at room temperature, and, in 
addition, for 30 minutes at 37.5 degrees. While this delay pre- 
vented the observation of the earliest effects upon respiration, 
it possessed one advantage. Possible change in volume of the 
bacteria caused by acid or alkali might reach completion before 
the respiratory measurements were begun. This assured ac- 
curacy of the latter which depends upon the constancy of the 
volume of fluid in the Warburg vessel. 

For these experiments the following reagents were used: 1 
From Kahlbaum: Sodium acid phosphate, sodium basic phos- 
phate (Soerenson), lactic acid and sodium lactate, and sodium 
chloride. 

2. From Eimer and Amend: C.P. phosphoric acid and sodium 
triple phosphate. 

3. From Mulford: Glycerol. 

The influence of M/150 phosphate buffers for short and long 
periods. The pH was fixed by adding phosphoric acid or its 
sodium salts in a concentration of m/150 to a solution of saline 
and glycerol. The pH was about 1.5 for the phosphoric acid 
alone; 5.6 with 0.5 ec. of dibasic phosphate plus 9.5 ec. of acid 
phosphate; 7.4 with 8.0 ec. of the dibasic phosphate plus 2 ce. 
of acid phosphate; 8.8 with dibasic phosphate alone; and about 
12.0 with the tribasic salt. 

The respiration was usually studied as soon as possible after 
the addition of solution and bacteria to the Warburg vessels. 
Only in one experiment was the effect of more prolonged exposure 
investigated by floating plaques of the organisms on 50 cc. of the 
five different phosphate solutions contained in 250 ec. Erlenmeyer 
flasks. These were incubated for 21 hours. Portions then re- 
moved and weighed were introduced into 2 cc. of the identical 
solution in Warburg vessels, where the respiration was studied. 

The influence of different concentrations of phosphoric and lactic 
acid. To sodium chloride, 0.9 per cent, was added m/15, m/50 
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and M/150 of each of the following: (a) lactic acid, (b) sodium 
lactate of pH 7.4 ,(c) phosphoric acid and (d) sodium phosphate 
buffers of pH 7.4. The respiration of the bacteria was studied 
in these solutions. 


Results 


Effect of M/150 phosphate. Table 2 gives the results obtained 
in M/150 phosphate. At a pH of 7.4, 8.8, and 12.0, the figures 
for one hour, for three hours and for exposure overnight were 


TABLE 2 


The influence of hydrogen ion concentration upon the respiration of H87 in phosphate* 








m/150 
| OXYGEN CONSUMPTION PER MOIST 
NUM- | | TIME MILLIGRAM PER HOUR 
BER OF) DATE PREVIOUS MILIEU 1 oe - - 
EXPER-| |serva-| pH = | pH =| pH = | pH =| pH = 
IMENT | | TION a. 15 5 6 74 88 12.0 
| | hour | ou cu. | cu . } cw | cw 
' | mm mm | mmm mm | mm 
1 6/22/28) 10 days growth | Ist | a Feet as 
2 | 3/ 5/29| 16 days growth. Then| Ist | 1.5 | 1.0 | 1.1 | 1.2 
10 days “starvation” | 
[| Ist | 13] 16) 16) 14) 15 
3 | 3/12/29) 10 days growth {| 2nd} 1.0] 1.7] 1.2 | 1.2] 1.8 
\} 38rd} 1.0) 1.8] 1.6) 1.4] 1.5 
24 days growth. Then 
h “sas SE an 
4 | 6/27/90] bator in Erlenmeyer ((22"2 | 1.0] 0.9] 1.3] 1.2] 11 
oi. ne . 24th; 0.9 | 0.9) 1.4] 1.1 1.0 
| containing solution 
of indicated pH 








* The solution contained in addition to the phosphate, 0.9 per cent NaCl and 5 
per cent glycerol except in the first experiment where the glycerol was omitted. 


almost interchangeable. In the third experiment there seemed 
to be a definitely higher value at a pH of 5.6, which agrees with 
the opinion of several workers that the tubercle bacillus thrives 
rather better at the pH of unneutralized meat broth than at more 
alkaline reactions. However, the longer experiment did not 
bear this out. See experiment 4 in the table. At the extremely 
acid pH of phosphoric acid there was an appreciable depression 
in a short experiment (no. 3) and in a long one (no. 4). On the 
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other hand, there was actually an increase in experiment 2. 
In summary it may be said that, with M/150, extreme differences 
in pH exerted slight, if any, detrimental effects upon the res- 
piration. 


Effect of higher concentrations of acid 


In one set of experiments the respiration of a 24-day culture on 
Long’s solution was followed for 4 hours, and of a 23-day culture 
for 3 hours. 

Phosphoric acid. In m/150 phosphoric acid, the respiration 
was not affected. Contrariwise, with m/50 and m/15 pro- 
nounced inhibitions were observed, for the first hour a decrease 
of 43 per cent in M/50, and of 67 per cent inm/15. The inhibi- 
tions became even more marked in the third and fourth hours. 

Lactic acid. When m/150 was used there was a 20 per cent 
depression of the respiration. m/50 and m/15 lactic acid caused 
very marked decreases, all the more striking when one considers 
the pronounced stimulating effect of the neutral lactate of the 
same concentrations. M/50 lactic acid caused an average de- 
pression of 55 per cent in the first hour and more than 70 per cent 
in the third and fourth hours. m/15 lactic acid caused an aver- 
age depression of 90 per cent in the first hour, and in subsequent 
periods close to 100 per cent. 

Discussion 

A discussion of the extent and the significance of the changes 
in the pH which occur in the areas where the tubercle bacillus 
is found in the body may be postponed to the section devoted 
to the monocyte. However, at this point it may be well to 
mention two applications of these data. 

In general, the damage done to the respiration was less at the 
alkaline extremes of pH than on the acid side. If respiratory 
damage following short exposure is related to the subsequent 
failure of the organism to multiply it would follow that alkali 
should be more satisfactory for destroying contaminants than 
acid in material like sputum\which may contain only a few 
tubercle bacilli. The failure of m/150 phosphoric or lactic acid 























GROWTH OF HUMAN TUBERCLE BACILLI 177 


to injure the respiration is very curious. It is unlikely that this 
is due to the insensitivity of the respiratory mechanism to low 
concentrations for it will be remembered that m/150 sodium 
lactate caused a pronounced stimulation in respiration. It is 
more probable that either buffering occurs in the bacteria or 
that there is a difference in penetration between the acid (or 
hydrogen ion) and its corresponding salt (or anion). 

If penetration is necessary in order to reach the sites where 
respiration occurs these must lie in the interior of the bacterial 
bodies. Quastel and Wooldridge (1927) reached the opposite 
conclusion in their work with B. coli. They thought that the 
main site of methylene blue reduction and activation of sub- 
strate was on the outside of the cell, although they refused to dis- 
miss intracellular surfaces entirely from consideration. 


SECTION III. LACTIC ACID PRODUCTION By H37 
Introduction 


The capacity to form lactic acid under anaerobic conditions 
(Warburg, Posener, and Negelein, 1924) seems to be one of the 
most widely diffused of cell activities. It is well recognized that 
this process frequently serves as an important source of energy. 
Other functions have been ascribed to it as well. Therefore it 
was desirable to examine the formation of lactic acid by the tuber- 
cle bacillus from this standpoint. 


Methods 


We have made use of two general types of method, the mano- 
metric and the chemical. 

Manometric determinations. We placed 2 cc. of a solution of 
sodium chloride, 0.9 per cent, and sodium bicarbonate, 0.21 
per cent, in the usual Warburg vessels. To this we usually added 
a foodstuff, such as glucose. The space above the fluid was 
flooded for 13 minutes with gas from a drum containing a mixture 
of nitrogen, 95 per cent, and carbon dioxide 5 per cent. The 
initial impurity of about 0.2 per cent of oxygen was removed by 
passing the gas over a glowing copper coil before it entered the 
manometer. When saturated with 5 per cent carbon dioxide 
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the pH of the bicarbonate solution became 7.4. The measure- 
ment of the acid production (Warburg, 1923) depended on the 
following reactions: 


(1) Carbohydrate — Lactic Acid 
(2) Lactic Acid + NaHCO, = Na Lactate + H,O + 7 CO, 


The displaced CO, was measured in the manometer, thereby 
giving the amount of lactic acid which had been produced. 

Chemical determination. Inasmuch as any acid whatsoever 
would liberate carbon dioxide the manometric measurements 
were usually combined with a determination of the lactic acid by 
chemical means. 


For this purpose the vessels which had been allowed to shake in the 
water bath for several hours were removed from their manometers; 12.5 
ec. of 5 per cent mercuric chloride were added and allowed to remain in 
the vessels over night in order to kill the bacteria and to precipitate the 
protein. The vessels were washed out several times with distilled 
water. The contents of two vessels were pooled and 4 cc. of 22 per cent 
HCl added. The whole was then filtered and made up to 100 ce. To 
remove the mercury, H.S was bubbled through until precipitation was 
complete. The solution was filtered, aerated (or boiled) free of H.S 
and neutralized with 50 per cent NaOH, brom cresol green serving as 
indicator. Then were added 15 cc. of copper sulphate and 25 cc. of 
calcium hydroxide. The solution was made up to 250 ce. and filtered. 
Aliquots were taken to determine the lactic acid by the Friedemann, 
Shaffer, Cotonio method (1927). 


Variations employed in manometric procedure 


Substances used other than glucose. There were three experi- 
ments with glycerol 5 per cent; one with sodium glycerophos- 
phate 5 per cent; two with caseous material; and one each with 
arabinose, 1 per cent, levulose, 1 per cent, and inosite, 1 per cent. 

Addition of phosphate to bicarbonate buffers. In addition to 
the bicarbonate buffer, a mixture of phosphate m/150 of pH 7.4 
was used in a single experiment with glucose, 5 per cent, and in 
one with glycerol 5 per cent. 
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Results and discussion 


The chemical and manometric determinations in which the 
organisms were permitted to break down their own reserves or 


TABLE 3 


The anaerobic lactic acid production by 100 mgm. of H37 in one hour 


| | MANOMETRIC CHEMICAL 
| | | DETERMINATION | DETERMINATION 
| DURATION OF | OF ““LacTiIc’’ ACID | OF LACTIC ACID 
PREVIOUS MILIEU | OBSERVATION - 
| | No ; Glucose No ; Glue 
glucose 5 per glucose | cose 5 
cent per cent 





mgm mgm mgm mgm 


29) 0.018 | 0.040; 0 (0.032 





29) 14 days growth 0.045 | 0.050 | 0.0080.018 
2 days “‘starvation’”’ 


| 
| 





29| 14 days growth 4 0.013 | 0.048 | 0 0.029 


| 2 days “starvation” | 





| Average 0.025 | 0.046 | 0.0030 026 


Diff. = 0.021 Diff. = 0.023 


| 4/12/29) 13 days growth | 0.056 | 0.087 








5/27/29) 14 days growth | 0.014 | 0.044 
| 2 days “starvation” 





6/10/29) 14 days growth 3} 0.038 
| 2 days “starvation”’ 





11/ 6/29) 13 days growth | 0.042*| 0.090" 0.016*}0.017* 
0.06 | 0.10 








The solution employed was 0.9 per cent sodium chloride + 0.025 nN sodium 
bicarbonate. 

The gas was N; 95 per cent, CO, 5 per cent. 

* The bacteria were first washed with saline. 

t Glucose concentration was 0.2 per cent. 


else were supplied with glucose, usually in 5 per cent concentra- 
tion, are given in table 3. Both manometric and chemical 
methods yielded extremely low values. Compared with the 
Flexner Jobling carcinoma (Warburg, 1925) anaerobic glycolysis 
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by H37 in the presence of glucose was only one-sixtieth as great; 
and compared with the Type I pneumococcus only one-six- 
hundredth as great (Finkle, 1931). The manometric figures were 
consistently higher than the chemical; in both cases the presence 
of glucose increased the yield by 0.02 mgm. of lactic acid per 100 
moist milligram of bacteria. 

These trivial yields of acid were not increased in the presence 
of glycerol, glycerophosphate, arabinose, inositol or levulose. 
Caseous material was equally ineffective. In serum no glycolysis 
could be demonstrated by chemical determination. 

The energy obtained by glycolysis was less than 0.5 per cent 
of that afforded by respiration in Long’s solution. It was less 
than 4 per cent of the oxidative energy furnished by the respira- 
tion in a non-nutrient medium even after 15 or 20 days of star- 
vation. 

A fuller discussion of the significance of these results will be 
found in the sections on the survival of the bacteria after anaer- 
obic exposure and the metabolism of monocytes. 


SECTION IV. EFFECT OF ANAEROBIC EXPOSURE UPON H37 
Introduction 


The necessity of a liberal oxygen supply for the development 
of the tubercle bacillus has always impressed students of the 
subject. As isolated instances of the striking influence which 
may be exercised by an abundance of oxygen we may cite the 
great frequency with which the disease localizes in the lungs, and 
also the growth of cultures at the surface and not in the depths 
of fluid culture media. In our experiments we have been con- 
cerned, not with the failure to grow in the absence of air, but with 
the damaging effect of oxygen-lack when the organisms were 
subsequently removed to an atmosphere of air. 


Methods 


Preliminary experiments in Warburg manometers. In the first 
two experiments the ordinary Warburg vessels were used. The 
technique was much the same as that to be described with the 
exception that the respiration after anaerobiosis was measured 
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without transferring the bacteria to another vessel. Anaerobic 
periods of 1, 2, 4, and 16} hours were chosen. For the 16}-hour 
experiment strictly aseptic precautions were maintained. 

Removing traces of oxygen from nitrogen. For 10 minutes gas 
from a commercial drum of nitrogen was passed over glowing 
copper and then cooled by passage through a wash bottle con- 
taining water. The system was then connected with the appa- 
ratus to be filled. 


Experiments in large anaerobic chamber 


Bacteria floated on Long’s medium. In order to obtain anaerobic 
conditions for longer periods we had constructed a special vessel 
of 250 cc. capacity (see fig. 3). Its main body was provided with 
50 ec. of fluid, which was usually Long’s solution. In the side- 
arm were placed 5 cc. of a solution which served to indicate that 
anaerobiosis was complete.* 

After 1 to 4 days of anaerobiosis, bacteria were removed for 
(1) study of the respiration in the usual way in Warburg vessels 
and (2) culture on Long’s medium. To rule out possible error 
from change in acidity the pH of the fluid in these, and later 
experiments, was examined by means of the Hellige roulette 
comparator, using phenol red as indicator. 

Variation in technique when anaerobic chambers were employed. 
Subsequent experiments adhered in general to this technique. 
The variations in procedure will become evident if tables 4, 5, 
and 6 are consulted and only a few will be mentioned at this 
point. 

In one experiment a non-nutrient solution of saline phosphate 
was employed instead of Long’s. 


? This solution (Zinsser, 1927) consisted of 2 drops of 0.2 per cent methylene 
blue and 1 cc. of 22 per cent glucose added to 10 ec. of meat broth which had been 
brought to a pH of 8.4 by n/10 NaOH. These solutions had been sterilized 
separately. When mixed, a pale blue color resulted which persisted after nitrogen 
had been passed through the vessel for 10 minutes, but disappeared after a night's 
exposure in the incubator. At the alkaline pH employed glucose is autoxidisable. 
That property, acting in conjunction with the respiratory activity of the tubercle 
bacilli which were floated on the Long’s solution, exhausted the traces of oxygen 
remaining in the nitrogen filled chamber. Under these circumstances the methyl- 
ene blue was next attacked and reduced to its leuco form. 
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In a large group of observations the suspending fluid was 
omitted in order to eliminate the waterlogging and even sinking 
which occasionally occurred in fluid media in an atmosphere of 
nitrogen. The behavior of bacteria placed on the floor of the 
large chambers and saturated with nitrogen was compared with 
the same culture material on the floor of a 250-cc. Erlenmeyer 
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Inlet for nitrogen 


---- Ground glass 
P connection 
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placed well 





Side-arm for 
“methylene blue 











For bacteria 
and fluid 


Fig. 3. Lance ANAEROBIC CHAMBER 


Scale: +—— = 2.5cm. Six of the ten glass hooks are shown for the springs 
which fasten the vessel to the stem and the stopper to the side-arm. 


which had free access to the air. In the latter, desiccation was 
prevented either from within, by providing the flask with water 
vapor from a tube drawn out to a capillary opening or from with- 
out by inserting a U-tube which was connected to another Erlen- 
meyer flask containing water. 

The methods of culture after anaerobiosis are indicated in 
tables 4, 5, and 6. Frequently the seeding of Petri plates was 
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accomplished by the Petroff-Branch-Steencken (1929) method 
which yielded discrete colonies. These would have shown if 
R and § forms were being produced by the experimental manip- 
ulations.* 


Discussion of method 


The variations in procedure which were adopted in order to 
eliminate the factor of submersion in the anaerobic experiments 


TABLE 4 


The effect of anaerobic exposure in fluid Long’s medium upon the respiration and 
growth of H37 





| Os: CONSUMPTION Os CONSUMPTION | 
PER MOIST MILLI- | PER MOIST MILLI- 

Date tTEmaT | GRAM PER HOUR | GRAM PER HOUR 
ANAEROBIO- | See TIME IN | --—— — — GROWTH IN LONG'S FLUID 

| se! c | . — 

SIS BEGAN |__ Before _| maces | d MEDIUM AFTER ANAEROBIOSIS 
| Or Con- | 
| Period | sump- | 
| | tion 


| cu. mm 


1 hour 
5/17/29 | 0-60" | 1.7.4; 2 hours | 

| 4 hours | 
5/31/29 | 0-60* | 16} hours 
6/14/29 | 4 days | 


| None in flasks 
| None in 2 flasks 
days 


Seah ae) 
None in 2 flasks 


mm ocoocc KR = 


4 

4 days 

1 | Positive in 2 flasks and 1 
| agar plate 

4 | None in 2 flasks 


0 
0 | None in 2 flasks 


day 


| 
| 
| 
| 
| 


1.3 | 2 days 
1.1 | 3 days 
| 





* Determination on the same culture kept in air and carried out at the same 
time as the respiration of the organisms exposed to nitrogen. 


in Long’s fluid medium have been mentioned under method. 
Before leaving that subject it may be said that in several of the 
experiments there was no sinking during the anaerobic exposure 
on Long’s solution. Also, the very fact that slight jarring might 

3 In this method a loopful of bacteria was emulsified in a tube containing 4 cc. 


of saline. After filtration, 4 to 6 drops of filtrate were added to a Petri plate and 
streaked. 
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+ The bacteria still remained on the non-nutrient solution of saline 
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be sufficient to cause the whole surface of a culture to sink was an 
indication that considerable alteration of the culture had already 
occurred. For, with a surface growth occurring in air, one might 
frequently not only jar the flask but even push a floating mass 
to the bottom only to find that it promptly floated back to the 
surface. 


Results 


Anaerobic injury to respiration and growth capacity of H 37 
floated on Long’s solution. Table 4 shows that periods of anaero- 
biosis up to 1 day did not significantly injure the respiration of 
the bacteria. This coincided with the observation that the 
capacity to multiply was well preserved after 1 day of anaero- 
biosis. 

However 2 days of anaerobiosis on Long’s solution led to 
destruction of two-thirds of the respiratory capacity and 3 or 
4 days of anaerobiosis to complete abolition. Corresponding to 
this high grade of damage to respiration, there was failure to 
grow on Long’s culture medium when transplants were made at 
the end of the anaerobic period. 

Anaerobic injury in a non-nutrient solution. The question 
next arose whether foodstuffs, which are known to have a stimu- 
lating effect upon the respiration, e.g., Long’s solution, made 
oxygen-lack harder to bear or the reverse. To determine this, 
a culture whose respiration was 1.2 cu. mm. per hour was 
floated on saline-phosphate as employed for “‘starvation.’’ After 
4 days in air this “‘starved’”’ material was then subjected to an 
atmosphere of nitrogen. The capacity to grow disappeared 
after 68 hours in nitrogen, the capacity to respire, after 7 days 
in nitrogen. 

Experiments with no suspending fluid. These experiments are 
arranged in table 6. The original culture had a respiration in 
Long’s of 2.3 cu. mm. per hour, which seems abnormally high. 
The same culture material at the bottom of a flask had a res- 
piration of 1.4 cu. mm. after 4 days in air, and only 0.1 cu. mm. 
after the same length of time on nitrogen. The next observa- 
tions show respiration of 1.1 cu. mm. after 7 days in air, as 
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contrasted with 0 after 7 days in nitrogen. The absence of res- 
piration was noted both in bacteria recently removed from their 
anaerobic environment and in those which had a chance to 
recover by remaining exposed to air in the incubator overnight. 

Growth: In contrast with those exposed to air, the bacteria 
after 4 and 7 days exposure to nitrogen did not grow when trans- 
planted. To this there was one possible exception, a plate 
seeded with the 4-day anaerobic material. Here by inadvertence 
the colonies which appeared were not stained and examined. 

Experiment 2. This started with a culture respiring 1.9 cu. 
mm. Seven days in nitrogen reduced that figure to zero. The 
admission of air into the anaerobic chamber induced trivial, if 
any, recovery. In the meantime the control in air had sunk 
slightly in its respiration, possibly due to lack of food. 

After 15 days in nitrogen, we found again that the respiration 
was zero, both immediately and 24 hours after air had been 
admitted into the nitrogen chamber. It must be noted that 
the control, now 16 days in air at the bottom of an anaerobic 
flask, had a respiration only one-third of its initial value. 

Growth: There was consistent failure of growth after the bac- 
teria had been exposed for 7 or 15 days to nitrogen. Growth on 
2 Petroff plates occurred after 8 days on the floor of an “‘anaerobic 
chamber” in the only control in air which was attempted. 

Experiment 3. The initial control respiration was 1.8 cu. mm. 
After 13 days without food or buoying fluid the oxygen consump- 
tion was as follows: control in air, 0.7 cu. mm., anaerobic ma- 
terial, practically zero, both immediately and 24 hours after 
transfer from nitrogen to air. The final observation with an 
anaerobic chamber opened after 14 days and its control in air 
confirmed these latter results. 

Growth: After the 14th day of anaerobiosis 4 transplants were 
made and failed to grow. One out of 4 transplants from the 
control grew profusely. 


Discussion 


Tension of oxygen necessary for cultivation of tubercle bacilli. 
Although it is well known that the human tubercle bacillus will 
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not grow in the absence of air, the tensions of oxygen which pro- 
duce the best growths have received little study. 

Novy and Soule (1925) found that a tension of 0.5 per cent 
produced definite, but scanty, growth in a closed gas system where 
the oxygen tension diminished as the organisms consumed the 
unreplenished supply of oxygen. A tube containing 0.19 per 
cent of oxygen at the start did not produce a visible growth. 
Corper, Lurie, and Uyei (1927) devised an open system in which 
two strains of human tubercle bacillus were allowed to grow on 
Petroff’s medium. They found that growth was supported but 
poorly by a concentration of 0.5 per cent, and, not at all, by 0.1 
per cent oxygen. 

Anaerobic damage to growth capacity. When oxygen is lacking 
the failure to grow must be sharply distinguished from the loss 
of power to grow. The first is determined by proliferation during 
anaerobiosis, the second, by proliferation after. In the literature 
only a few scattered observations, incidental to other studies 
have been made upon growth after anaerobiosis or very low oxy- 
gen tensions. 

Novy and Soule (1925) noted that after 28 days in 0.19 per 
cent oxygen a strain of tubercle bacillus grew when air was ad- 
mitted. They also observed that when the organisms were 
allowed to exhaust the air in a sealed tube recovery occurred 
if air was admitted after 21 days but not if admitted after 
35 days. 

Corper, Lurie, and Uyei (1927) found that 1 of their 2 human 
strains, i.e., Gluckson, did not grow when transferred to air after 
6 weeks in 0.1 per cent oxygen. 

Merrill (1930) has also studied the recovery of growth capacity 
in acid-fast bacteria. From his paper it is not clear that the 
tubercle bacillus employed was H37 or even that it was a viru- 
lent strain. The organisms upon glucose or plain agar were 
exposed to a vacuum for 21 days. Then, air was admitted and 
growth took place. 

Anaerobic damage to respiration and growth capacity. Our own 
results show very definitely that anaerobic exposure for several 
days will destroy completely the power of H37 to respire and to 
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proliferate on media which ordinarily furnish excellent support 
for both of these functions. 

Which of the two (respiration or proliferation) is the more 
sensitive cannot be inferred from our data. For, growth takes 
a week or more to manifest itself and we have no data for the 
respiration over such a long period after removal from anaerobi- 
osis. Our respiratory studies were made within twenty-four 
hours after removal from nitrogen, usually at once. Hence, 
we might have missed damage which was slow in asserting itself. 

Another point must be emphasized in comparing the two func- 
tions. A few surviving organisms might start a good growth on 
a culture medium when too small in numbers to have a measure- 
able respiration. This is a case where cultivation methods are 
inferior to respiratory studies in furnishing an index to the 
amount of injury. 

Both methods fail to answer the question whether all of the 
organisms are partially damaged or whether some have suffered 
complete, and others no disability. For even when the respira- 
tion of a weighed amount of organisms is measured, the figure 
gives the average respiration of the vast number of bacteria and 
unless there is no respiration, casts no light upon the partial or 
total disability of the individuals. 

Cause of anaerobic damage. The question next arises: can the 
trauma due to anaerobic exposure of H37 be explained? Is it 
due to the inability of the organism to decompose its own food 
reserves or the materials in Long’s medium with the liberation 
of energy? The previous section has demonstrated that it lacks 
the common glycolytic mechanism possessed by so many other 
cells. From our preliminary studies (Richardson, Shorr and 
Loebel, 1931) with other members of the group of mycobacteria it 
seems that H37 also lacks some other anaerobic arrangement 
which an organism like the B. phlei possesses. For, B. phlei 
does not produce lactic acid from glucose and yet survives anae- 
robie exposure up to at least the thirty-fifth day. Respiration 
is hardly affected on the twenty-fifth day of anaerobiosis. For 
this difference in behavior between B. phlei and H37 we have, at 
present, no explanation. The question is being pursued further. 
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SECTION V. THE METABOLISM OF MONOCYTIC TISSUE 
Introduction 


In response to infection with the tubercle bacillus the body 
produces white cells which have been divided by Sabin, Cunning- 
ham, and Doan (1925) into two groups, monocytes and clasmato- 
cytes. The tubercle is composed almost exclusively of mono- 
cytes and their derivatives, the epithelioidal cells. Since these 
cells surround, and, in fact, usually phagocytise the bacilli, it is 
important to compare their metabolic properties with those of 
the parasites in order to discover if mutually harmful or beneficial 
relations exist. 

Methods 


Tissue. This was obtained through the courtesy of Dr. Sabin 
to whom we take this opportunity of expressing our appreciation. 
The tissue was obtained from the cellular response in the omen- 
tum of the rabbit to repeated intraperitoneal inoculations of the 
phosphatid fractions of H37 in 2 animals and of timothy bacillus 
in 1 animal.‘ 

After such injections the omentum became thick and nodular. 
Only the thinner portions were selected. In these we calculated 
by Warburg’s equation (Meyerhof, 1930; Harvey, 1928) that 
even the centrally placed cells had an adequate supply of oxygen. 


In our experiments the tissue was generally weighed, following the 
experiment, by drying at 100 degrees to a constant value. In one 
experiment the moist weight of the tissue after momentary drying on 
filter paper was compared to the weight when dried as above. The 
ratio of dry to moist weight was 0.15, which agrees with the figures of 
Endres and Herget (1928) for lymphatic tissue. However, the figure 
of 0.20 was used in making comparisons in order to keep the results 
consistent with those appearing in the literature for other tissues. 


Manometric measurement of respiration. Pear-shaped Warburg 
vessels of 15 to 25 cc. capacity were employed for these experi- 
‘The chemical material had been isolated by Dr. Anderson (Roberts and 
Anderson, 1931) of the Department of Chemistry at Yale University. It was 


found by Sabin, Doan and Forkner (1930) to cause the proliferation of monocytes 
to the practical exclusion of all other cells. 
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ments, oxygen consumption being measured after the CO, was 
absorbed with KOH. The tissue in the vessels was suspended 
in solutions of mammalian Ringer containing 0.2 per cent glucose. 
In addition, M/150 phosphate buffers of pH 7.4 were present 
except on one occasion when bicarbonate was used. The manom- 
eters were saturated with 100 per cent oxygen in order to supply 
an oxygen tension which would reach even the centrally placed 
cells of the tissue. 

Measurement of anaerobic and aerobic formation of lactic acid. 
The manometric measurement of lactic acid formation has been 














° TABLE 7 
Respiration and lactic acid formation by monocytes 
roe Ce een ¥ a Or coN- te 
wow. | | hon ea 1 LACES AceD pun Later ace pun 
expen-| >4T® RABBIT'’S OMENTUM | experi-|_2OUR HOUR PER 100 HOUR PER 100 
canine | MENT | PER DRY | MOIST MOIST 
MILLI- | MILLIGRAMS MILLIGRAMS 
| GRAM 
mo) hours | cu.mm. mgm. mgm. 
1 (11/18/27) Normal 13 0.21 | 0.05 
2 |11/ 4/27) After lipoid of H37| 2 2.5 0.63 0.40 
3 1/26/28) After lipoid of H37; 2 (2.5)*| 0.35 0.08 
3.4 
4 | 4/21/30) After lipoid of | 3 2.6 0.18 
| timothy bacillus | 0.16 (chem.) | 0.08 (chem.) 

















For respiration the solution employed was 0.9 per cent sodium chloride + m/150 
phosphate buffers of pH 7.4. 

For glycolysis the solution employed was 0.9 per cent sodium chloride + 0.025 
N sodium bicarbonate. 

* Here 0.0031 n sodium bicarbonate replaced the phosphate. 


described in a previous section and need only be mentioned. 
The anaerobic formation of lactic acid was studied in an atmos- 
phere of N, 95 per cent and CO, 5 per cent; the aerobic, in O, 95 
per cent and CO, 5 per cent. Simultaneous chemical analyses 
upon the same tissues were performed, using the Friedemann, 
Cotonio and Shaffer (1927) lactic acid method. 


Results 


Table 7 gives the figures for the respiration and lactic acid 
production, results being expressed as cubic millimeters of oxygen 
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per dry milligram and as milligrams of lactic acid per 100 moist 
milligrams, respectively. 

As a control, the transparent tissue of normal omentum gave 
the first row of figures shown in the table. After injection of 
phosphatid, the figures were 10 times as high and there can be 
no doubt that essentially, the latter figures represent the respira- 
tion of new monocytic tissue. 

Table 8 summarizes the various figures in the literature for 
similar tissue. Except in a general way, most of the figures pre- 
sented in the table are not strictly comparable. The cells were 
obtained from 5 different species of animal and represent seyeral 
different physiological or pathological states. Bakker’s (1928) 
extremely low figures can almost certainly be excluded because 
of technical errors which have been pointed out by Warburg 
(1927). The figures of most interest in the present connection 
are those obtained with the white blood cells of the rabbit and 
with tuberculous human nodes, even though their content of 
monocytes is not known. For both of these, the respiration was 
in the neighborhood of 5.0 or 6.0 cu. mm. per milligram per hour, 
a figure about twice as high as ourown. We cannot say whether 
this was due to the greater maturity or to trauma of the cells 
which we studied. Also, it was noteworthy that the tissue which 
we studied became very greasy when it was heated to dryness. 
This suggests the presence of considerable omental fat which 
had weight but no respiratory activity. This may have caused 
the respiration per milligram of living cells to appear smaller than 
it really was. These same factors may have influenced our re- 
sults for the anaerobic lactic acid formation by monocytes. Still, 
we obtained the figure of 0.39 mgm. per hr. per 100 mgm. of 
tissue, which is about 10 times as great as the anaerobic glycolysis 
of dog’s muscle. 

Relation between phagocytosis and destruction of bacteria. The 
relation between the metabolism of phagocytes and their réle 
in immunity has received practically no elaboration. It was the 
special contribution of Metchnikoff (1907) and his school to 
show that various living microérganisms can be taken up by 
phagocytes. In the phagocytes, the bacteria lose motility if 
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they ever possessed any, and gradually disintegrate. However, 
the recent work of Sabin and Doan (1927), showing that disinte- 


TABLE 8 


Summary of the respiration and lactic acid formation by white blood cells noted by 
various observers 





| 
| ANAEROBIC; AEROBIC 




















| OXYGEN 
| | CONSUMP- FORMATION | FORMATION 
| TION PER OF LACTIC OF LACTIC 
AUTHORS TISSUE DRY MILLI-| ACID PER ACID PER 
} GRAM PER | 100 morst | 100 morsT 
| HOUR MILLIGRAMS | MILLIGRAMS 
PER HOUR | PER HOUR 
cu, mm. mgm. mgm. 
|| Leukemias: 
| 
Glover, Delend aad | . Most mature 4.1 0.46 
Schmitz (1930) {| 2. Intermediate 2.5 0.58 
' | 3. Immature 2.4 0.90 
\| Normal | v.a 0.70 
Glover, Deland snd (| Mysteaytie leukemia 1.34 0.75 
Schmitz (1930) \| Lymphocytic leukemia 1.34 0.1 
\| Normal 1.1 1.1 
Bakker (1927) Exudate of rabbits 0.4(?)} 0.34(?) 
. . || Exudate of rabbits 4.5 1.68 1.12 
Fisiechmana and Kubo-|| wait. blood cells of | 4.4 | 0.92 0.14 
witz (1927) 
{| geese (blood) 
| 
| White blood cells of rats | 9.1 1.64 0.18 
ee }} (blood) 
Fujite (1028) }| Bone marrow cells of | 9.8 | 1.68 | 0.30 
(| rats 
( Normal nodes 6.0 0.11 0.04 
2 | 
Jecheen, Paster end \ ne ag human 6.0 0.18 0.10 
Capeee Wey | Monocytes of rabbits’ | 5.6 | 0.22 | 0.11 
(| lungs 
Schlossman (1930) | Lymphocytic leukemia | 13.1 1.9 0 
Dickens and Simer| Tuberculous human| 5.5 | 0.66 | 0.44 
(1930) | mode 
Loebel, Shorr and | Monocytes of rabbit’s| 2.8 0.39 0.24 
Richardson | peritoneum | 
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gration need not occur in monocytes, and of Kahn (1929), show- 
ing that fragmentation and loss of acid-fastness may be part of 
the reproductive cycle rather than evidence of damage, makes 
re-consideration of the earlier conceptions necessary. 

The metabolic activity of the monocyte. Our data indicate clearly 
that the monocyte must be regarded from three different points 
of view: as an active producer of lactic acid, as an agent in modi- 
fying the pH of its milieu, and as an active consumer of oxygen. 

The effect and occurrence of abnormal pH in exudates. If one 
considers the effect of the liberation of acid products at the site 
of an infection, for example, an abscess or an exudate in a serous 
sac, it is obvious from our figures on the great resistance of H37 
to change in pH that only a high molarity of acid could damage 
the respiration of these bacteria. Considering the buffering 
action of any exudate and the fact that absorption takes place it 
would be surprising if such an amount of acid could persist for 
any great length of time. The situation is far different with 
organisms like the pneumococcus, since those are very sensitive 
to acid change. For instance, the shift from pH 7.01 to pH 6.03 
inhibits their respiration 40 per cent (Finkle, 1931). If shifts 
of this magnitude occurred locally in the body there might be 
damage to the respiration and checking of the infection. 

Actually, the pH of exudates has not been extensively investi- 
gated. 

Lord (1919) using the dialysis and colorimetric method, com- 
pared the press-juice of the human consolidated lung with its 
uninvolved fellow. In 3 out of 4 consolidated lungs the pH was 
more acid than in the unconsolidated material. In one case 
there was no difference. In dogs, experimental infection with 
the pneumococcus or with Friedlander’s bacillus showed the same 
difference in pH. Here, two figures cited for the consolidated 
lobes in pneumococcus pneumonia are 6.0 and 5.4. 

More recently Kolonjew and Kutzenok (1928) studied the pH 
of exudate by means of the Clark and Lubs’ phosphate buffers. 
They worked with 1 drop of pus and apparently made no attempt 
to control the loss of carbon dioxide. For these reasons it is 
very difficult to accept their results as anything but suggestive. 
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They found the pH of acute pyogenic exudates tended to be 5.8 to 
6.6. Closed tuberculous abscesses which were free from second- 
ary invaders were between 6.8 and 7.2; whereas in the presence 
of mixed infection the pH sank to between 5.8 and 7.2. 

All of these figures are well within the range of pH in which we 
have found the tubercle bacillus to maintain a normal respiration. 
In fact the organisms will even grow in that pH range. 

Occurrence and effect of abnormal intracellular pH. Apart from 
the extra-cellular existence of acid it must be remembered that 
intra-cellular accumulation of acid may be a check on the multi- 
plication and viability of the organism. Metchnikoff and his 
group showed for several microérganisms that the reaction in 
phagocytic cells became definitely acid to neutal red. An indi- 
cation of the acidity which may be reached is given by Howland 
(1928) who found that in Actinospherium Eichhornii the gastric 
vacuoles reach a pH of 4.3 +0.1. Pulcher (1927) studied the 
effect of injecting white blood cells which had been killed by heat 
at 58 degrees and stained with one of 3 indicators into the peri- 
toneal cavity of the guinea pig. The phagocytes in the exudate 
took up the stained cells, whose pH became changed from neu- 
trality to a figure between 3.0 and 4.8. 

The significance of the acidity developed around ingested bac- 
teria and other material has been variously commented upon. 
Metchnikoff (1907) suggested that the acid reaction probably 
created an environment in which a digestive enzyme like pepsin, 
could kill the organism. However he thought that tubercle 
bacilli were exceptional in exciting an alkaline reaction in the white 
blood «cell. Kossel (1894) ventured the opinion from his own 
work with nucleoproteins that the latter might be specifically 
bactericidal, perhaps more by their ability to precipitate protein 
than by virtue of their acidity. 

From the facts available it seems not at all unlikely that local 
changes of pH in the phagocytes can kill many engulfed micro- 
organisms,—but not the tubercle bacillus, because the latter 
is so resistant to extremes of pH brought about by low concen- 
trations of acids including lactic. 

Asphyziation of tubercle bacilli by monocytes. Passing next to 
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the active oxygen consumption of monocytes, this must be con- 
sidered in the light of the fact that they are characteristically 
aggregated in the form of tubercles where there is no capillary 
circulation. The question naturally arises whether exhaustion 
of the oxygen supply in these areas affects the tubercle bacillus 
in the body (see fig. 1 of preceding paper (Loebel, Shorr and 
Richardson, 1933)). 

It is of interest to use the figures available to calculate what 
dimensions a tubercle would have to reach in order to reduce the 
oxygen supply in its center to zero. 

Assuming that the tubercle is a sphere the equation for that 
calculation reads: 


R’ = \/ 6c, ? 


where the symbols have the following significance: 

R’ =the radius in centimeters. 

C) =the pressure of O, in atmospheres. 

D =Krogh’s coefficient of diffusion of O, at 20°C. (1.4 x 

10-5 ce. per square centimeter). 
A =the oxygen consumption in cubic centimeters per moist 
gram per minute. 
One obtains the lowest values for R’ by applying Schlossman’s 
(1930) value of 13 cu. mm. for the oxygen consumption per dry 
milligram per hour (see table 8) and Campbell’s lowest figure 
(1931) for oxygen pressure under the skin, i.e., 25 mm. Hg or 
0.033 atmospheres (these subcutaneous values are taken to be 
representative of the muscle below). Substituting these values 
in the equation we arrive at 0.075 mm. as the critical thickness. 
That is to say, the center of a sphere whose radius was greater 
than 0.075 mm. would be suffering from complete absence of 
oxygen. If one makes use of the lowest figures obtained for the 
oxygen consumption, 2.4 cu. mm. per dry milligram per hour 
—and of the highest figure for the oxygen tension, i.e., 100 mm. 
Hg which is that of the arterialized blood in the lungs,—the cal- 
culations for the critical thickness yield the value of 0.35 mm. 
From these figures it is readily seen that it would not require 

very large aggregates of cells to produce a condition of oxygen 
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lack. Under those circumstances what happens? The cells 
survive because they have an alternative source of energy— 
they can decompose glucose to lactic acid. Okamoto (1925) has 
shown that in the case of the Flexner-Jobling and Jensen car- 
cinomas of the rat and in the Rous sarcoma of the chicken the 
lactic acid mechanism will keep the cell alive and capable of 
transplantation after 3 days of anaerobiosis. Fleischmann (1927) 
has demonstrated the persistence of ameboid movement and 
phagocytosis in the white blood cells of the rabbit and of the 
horse after 12 hours of asphyxiation at room temperature (12 
hours at 37.5 degrees) by means of cyanide. 

The tubercle bacillus is much less favorably equipped. Sub- 
sequent to anaerobiosis, respiration is completely destroyed and 
certain strains, at least, cannot proliferate. There is no reserve 
lactic acid mechanism to provide it with energy. 

From the facts which have been presented it seems quite pos- 
sible that conditions are present which produce oxygen lack or 
even anaerobiosis in the characteristic tubercle. This may serve 
to check and perhaps destroy the bacilli which are exciting the 
lesion. Such a simple and effective means for controlling the 
organisms should obviously be further investigated, especially 
with the aid of in vivo methods. 


SUMMARY AND CONCLUSIONS 


In this paper we have undertaken the study of the influence of 
certain adverse conditions upon the respiration and growth of H37. 

1. Starvation. The organisms reduce their metabolism to a 
very low level after a few days of starvation. Even after many 
days, the addition of adequate foodstuff restores the respiration 
to its original level. At the same time the growth capacity does 
not suffer destruction. This ability to reduce respiration to a 
low level with retention of respiratory and proliferative capacity 
is not a general property of bacteria. It is apparently one of the 
factors contributing to the hardiness of the tubercle bacillus. 

2. H ion concentration. At concentrations of m/150 phosphate 
and lactate, H37 is practically unaffected by pH conditions vary- 
ing between 1.5 and 12.0. Higher molarity of lactic and phos- 
phorie acid, e.g.,M/15 is highly damaging to the respiration. 
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These two opposite effects are probably due to the relative im- 
permeability of the bacillus. The question of intracellular or 
extracellular destruction of H37 by acid or base in the body is 
discussed in some detail. 

8. Lactic acid production by H37 under anaerobic conditions. 
By manometric and chemical methods the lactic acid production 
by H37 from glucose has been found to be extremely minute. 
Manometric studies showed that the same low yields are obtained 
with glycerol, glycerophosphate, arabinose, inositol, levulose, and 
in‘ biological fluids like caseous material and serum. 

4. The effect of anaerobic exposure upon H37. Such exposure 
on Long's medium or under non-nutrient conditions leads to a 
complete destruction of both respiratory and proliferative capac- 
ity in a few days. 

5. The metabolism of monocytes. The tissue obtained by the 
intraperitoneal injection of the lipoid of H37 into the rabbit has 
a respiration twice as high as that of dog’s muscle. At the same 
time it forms large amounts of lactic acid from glucose anaerobi- 
cally. 

Applying figures of our own and others for the respiration it 
can be shown that in the center of the tubercle (which is known 
to be avascular) a condition of complete oxygen lack is reached 
when its radius is between 0.075 and 0.35 mm. Under those cir- 
cumstances the monocytes and bacilli in the central area would 
have to depend upon some anaerobic mechanism for obtaining 
energy in order to survive. The monocytes can produce lactic 
acid to provide the necessary energy and might therefore survive. 
As shown by these experiments the tubercle bacilli are unable to 
regain respiratory or proliferative capacity after anaerobiosis 
and therefore might not survive. The possibility exists there- 
fore that the tubercle can bring about the cessation of growth 
or even the eradication of tubercle bacilli by means of this 
mechanism. 
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D’Arsonval and Charrin in 1893 reported that fifty atmos- 
pheres of CO, destroyed Bacillus pyocyaneus in two hours. 
Several investigators had difficulty in duplicating these results. 

In 1917 Larson, Hartzell, and Diehl obtained reliable results 
showing that air at 6000 atmospheres hydrostatic pressure de- 
stroyed non-spore-forming bacteria and that 3000 atmospheres 
or 44,000 pounds per square inch had no effect on any of those 
tried, including B. typhosus, B. coli, B. tuberculosis, B. proteus, 
B. subtilis, staphylococci, streptococci, and pneumococci. 

They also experimented extensively with the effect of gases 
under pressure upon bacteria, and reported no effect with nitrogen 
at 120 atmospheres pressure, and 10 to 40 per cent fatality in 
twenty-four hours using hydrogen at 120 atmospheres pressure 
with B. coli. With CO,, 50 atmospheres would destroy B. typho- 
sus, B. coli, B. tuberculosis, etc., in one and one-half to two and 
one-half hours. They made colorimetric pH determinations of 
the solution while under pressure and found it to be a little under 
4. Theoretically, it should be 3.15 in pure water. They then 
acidified cultures to this pH and noticed very slight effect upon 
standing. Cultures were also acidified and sodium chloride 
added up to the molality existing when under 50 atmospheres of 
CO,. The effect was far less than with CO,. 

The investigators suggested that this result may be due to a 
combination of effects, especially to the quick expansion of the 
gas, and indicated that the one and one-half to two and one-half 
hours was the time necessary for the bacterial bodies to become 
saturated with the gas. 
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Valley and Rettger in 1927 reported an extensive piece of work 
showing that bacteria are comparatively unaffected by CO, at 
one atmosphere. 

In 1932, David Crowther, who assisted Larson, Hartzell and 
Dieh! during their work in 1917, reported that 800 pounds per 
square inch pressure of CO, in one and one-half to two and one- 
half hours is effective in destroying bacteria if the gas is allowed 
to expand suddenly. 

There seems to be some confusion as to why CO, has this lethal 
effect upon bacteria. The purpose of this work was to study 
separately the individual influences at work so as to get a more 
definite answer to the question. 

Since the action on all bacteria is likely to be the same, our 
experiments were confined to the use of Escherichia coli no. 463 
furnished by this laboratory. This organism was chosen because 
of its similarity to certain pathogenic bacteria, and because of its 
ease of cultivation. 

First for consideration, was the effect of sudden expansion 
while the bacterial bodies were saturated with the gas under 
pressure, which was expected to have an effect analogous to 
plasmoptysis, namely that of rupturing the cell walls. 

For the use of CO,, an apparatus was built as shown in figure 1, 
whereby the culture could be saturated with the gas and allowed 
to expand suddenly into a vacuum. 

The portion of the apparatus A was shaken while the CO, pres- 
sure was being applied so as to facilitate saturating the solution. 
The stopeock b was then closed and the apparatus allowed to 
stand.for fifteen minutes. A closed arm manometer was used to 
measure the pressure. This apparatus was suited only for pres- 
sures under three atmospheres. 

The flask F was evacuated to a pressure of 20 mm. 

At the end of fifteen minutes the apparatus A was raised to a 
vertical position so that the steel ball s dropped on the thin-walled 
portion of the culture container c, breaking it and allowing the 
culture saturated with CO, to expand suddenly into the vacuum. 

The data in table 1 were obtained on plating out samples before 
and after treatment. 
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The pressure was obviously not high enough to prove destruc- 
tive. A calculation was made to find the pressure necessary 
to overcome the effect of surface tension in a bubble whose 
diameter is approximately one-tenth the diameter of a bacillus. 
For a gas in pure water at room temperature the result was 400 
pounds per square inch, and for a bubble about the size of a 
bacterium, it was 40 pounds. We know of no substance that is 
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likely to be present in the bacterial body that would alter this 
result appreciably so the pressure that is effective in rupturing 
the cell wall must be one which is in excess of this. 

A new apparatus for applying greater pressure was then built 
as shown in figure 2. The inclosed glass container was so designed 
that the unit may be inverted or shaken without spilling its con- 
tents. The lower valve through which samples are taken is a 
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chlorine valve and is not subject to corrosion. Its outer opening 
is wide and is easily washed with a wash bottle while the valve is 
closed. 

The writers wish to express their appreciation to Mr. W. L. 
Benson, Mechanician in the Department of Chemistry, whose 
help in the construction of apparatus greatly facilitated the work. 

With this apparatus an experiment was performed using a 
similar culture to that employed in the first experiment but CO, 


TABLE 1 


Number of bacteria present 





ORIGINAL TREATED 
39 X 10’ 44 X 10° 
45 X 10° 45 X 10’ 
TABLE 2 
Bacteria present 
ORIGINAL TREATED | PER CENT SURVIVING 


At 400 pounds per square inch gauge for twenty minutes 

370 X 10° 8 X 108 18 
400 X 10° 6 X 105 

At 200 pounds per square inch gauge for twenty minutes 

400 < 10° 115 X 10° 

480 X 10° 100 X 10° 


24 


was applied here at higher pressures. The results given in table 2 
were obtained. 

The apparatus containing the liquid and the gas under pressure 
was well shaken so that diffusion limited only the saturation of 
the bodies themselves. In showing that fifteen minutes is ample 
time for the gas to saturate the cell bodies, particularly with 
substances as universally soluble as CO, and Os, we call attention 
to a homely comparison. By mathematical analysis it may be 
shown that the time of diffusion varies as the second power of the 
radius for a homogeneous sphere, for similar final states of satura- 
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tion. This means that a bacterial cell after fifteen minutes is as 
saturated as one the size of a baseball would be after 50,000 
years! 

Now, using oxygen, which is comparatively inert and not so 
soluble that its molal concentration is detrimental, the results 
shown in table 3 were obtained using a fifteen-minute period of 
detention and then sudden expansion through the valve. 

The temperature was kept at 0°C. to increase solubility, and at 
1200 pounds the liquid should have contained at least three 
volumes of the gas. If the cell was to be exploded, it surely would 
have occurred here. The per cents below a hundred were proba- 


TABLE 3 


Pressure gauge.| Original | 300 500 700 900 1,200 
Plate count. . .| 325 & 10% 350 X 10° 375 x 10° 250 X 10% 250 x 10° 325 x 10° 
Plate count. . .| 375 K 10° 350 X 10° 325 x 10° 

Per cent sur- | 








viving......| | 100 100 )6|—Cls71 71 93 
TABLE 4 
TIME OF | PER CENT 
NUMBER APPLICATION TIME OF STANDING TIME OF RELEASE SURVIVING 
1 Suddenly 20 minutes | Suddenly 5 
2 Suddenly 20 minutes | 20 minutes | 1.4 
3 20 minutes 20 minutes | 20 minutes | 1.0 





bly due to errors in dilutions and plate counts. These cells 
showed a tendency to agglutinate. 

A trial was made with CO,, using 350 pounds maximum pres- 
sure with sudden application of pressure, twenty minutes stand- 
ing, then sudden release; then another with gradual release of 
pressure over a period of twenty minutes; and a third where the 
pressure was gradually applied and also gradually released. As 
shown in table 4, the latter was most effective and the former 
least effective. These trials required twenty, forty, and sixty 
minutes respectively, and long exposure should account for the 
results. 
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We conclude therefore, that the explosion of the bacterial 
bodies by suddenly releasing the pressure when the cells are 
saturated with a gas is not possible except where relatively 
enormous amounts of the gas are dissolved as in the case of CO, 
near its point of liquefaction. 

The effect of time is illustrated in the data of table 5. Samples 
were taken at intervals and the outer opening of the valve was 
washed out with sterile water before taking each sample. The 
counts ran so high that this simple washing was sufficient. Time 
of exposure to CO, then seems to be the controlling factor in the 
process and in view of the rapidity with which diffusion takes 
place through microscopic distances, a chemical change must be 
proceeding. 





TABLE 5 
. RS eee een Original | 3 minutes | 7 minutes | 20 minutes 
Plate count...............| 130 X 10% | 100 X 10° 90 X 10° 55 X 10° 
Plate count...............| 100 x 10° 100 < 10° 65 X 10° 
Per cent surviving.........| 87 83 52 


} 





The hydrogen ion may easily be related to the reaction, so 
considerable attention was given to the bearing of pH upon the 
process. 

The Mass Law Principle was made use of, whereby the pH 
was controlled by addition of HCl or NaHCO; in proper amount 
as found in the following manner. 

Consider a titration curve in which log;. (H*) is plotted against 
the logarithm of the amount in liters of N/1 acid added to 1 liter 
of solution. 

Also (Lewis and Randall, 1923): 


(H*) x (HCO;-) = (H,CO,)k, = kPgo, 
Basing calculations on data given by Lewis and Randall for 300 


pounds per square inch pressure, we get 


(H+) x (HCO,-) = 10°" 


or 


log (H*) + log (HCO;-) = —6.5 (1) 
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Upon applying CO, to the solution, it acts as a monobasic acid 
H(HCO;) so that the above titration curve (fig. 3) for the strong 
acid is followed up until the conditions of (1) are satisfied. Since 
the reaction with H(HCO;) leaves an HCO,;- for each H+ used, 


6 ~4 2 -/ Qo 





I-Titration Curve for 
1% 24H. E coli Culture / 


I-Curve for: Logft?] 
+LoglAcid Added]=-65 


Log,[Acid Added 


Fia. 3 





we may substitute (H+) for (HCO,-) in (1) and be correct within 
experimental error for dilute solutions as is the case here. We get 


log (H*) + log (acid added) = —6.5 (2) 


Plotting! this equation on the same graph as the titration curve 
(fig. 3) gives a graphical solution of the pH prevailing when CO, 
at 300 pounds per square inch is applied. 

1 The purpose of plotting logarithms is to have the curve for (2) become a 


straight line. Corresponding to different pressures, other straight lines parallel 
to this one may conveniently be drawn. 
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If NaHCO, or HCl had previously been added to the solution, 
the titration curve would have been in a different position and 
would have cut the curve for (2) at a different point indicating a 
higher or lower resulting pH, respectively. Adding acid moves 
the curve to the left and adding soda moves it to the right; so, to 
obtain a desired resulting pH, observe the difference in acid 
corresponding to the abscissae of the two curves at the desired 
hydrogen ion concentration and add the difference in acid or soda 
as the case may be. In case of soda, this is the amount for final 
unit volume, not per unit volume of culture medium.’ 


100 


80 


I-Effect of pH Alone 


I-Effect of pH Upon 
60 the Action of CQ2 






Percent 
40 Surviving 


20 


5 45 a 35 3 25 


Fia. 4 


A number of experiments were conducted, the results of a 
typical one of which is shown in figure 4. The portion of the 


? The volume v of NaHCO, for final unit volume of solution is given by the 
equation 
b v a 
p=-+ - 


c l=-v ¢ 





a = mols acid required to raise pH of unit volume of culture to required value. 
b = difference in abscissae of the two curves in figure 3 at the required pH. 
c = concentration of NaHCO; solution. 





v a\. 7 , , 
(; x *) is small and we are within the range of experimental error in neg- 
-—? c 


lecting it. 
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curve BCD is typical, but the part AB depends upon the history 
of the culture with respect to the mineral constituents of the cul- 
ture medium. If it originally contained practically no salt, the 
curve will assume a form shown by A’B. We consider this as 
a complication connected with the large amount of NaHCO, 
necessary to be added in order to reach the higher pH values, and 
we are not concerned with studying it in detail. 

In most of these experiments all of the liquids with which the 
bacteria came in contact had total ion concentrations equal to 
that of 0.86 per cent NaCl solution. This was so that HC! or 
NaHCO, solutions could be added without increasing the ion 
concentration of the solution. 

The effect of the pH alone is shown by the curve EF. Obvi- 
ously more acid must be added to these than to the ones that are 
treated with CO, and thereby attain the same hydrogen ion 
concentration. 

As seen from figure 3, the pH attained without addition of 
other reagents is about four, higher for more buffer and lower for 
less buffer, such as protein constituents. In this vicinity the curve 
(fig. 4) is quite flat showing that the hydrogen ion has nothing to 
do with the process as long as its concentration is not excessive. 

As previously mentioned, it was noticed that increased salt 
content such as is produced by adding a large amount of NaHCO, 
to the culture in order to reach the higher pH values, made the 
CO, more effective. From this we would conclude that the com- 
bined action is precipitation of the colloidal particles in the cell 
body. This is about the only assistance this harmless salt could 
give. There is no direct relation between this effect and any of 
the ionic or molecular concentrations resulting from the increased 
concentration of NaHCO;. Also, there is no change in the fugac- 
ity of CO, or H,CO; as long as the solution is in equilibrium with 
the CO, atmosphere which is at constant pressure. Results 
analogous to those obtained with alkalies by Levine ef al. (1928) 
were not encountered. 

Hydrogen ion is a more active precipitator of colloids due to 
its small mass. It has a similar and much more prominent effect, 
becoming quite noticeable when its concentration is as high as 
n/1,000. 
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This, and the phenomenon of time and a more or less critical 
concentration of CQO,., all are in keeping with experience with 
colloidal systems. 

The conclusion reached from the results of our experiments 
therefore is that CO, (or H,CO; which is thought to be in equilib- 
rium with it) at concentrations attained using pressures of the 
order of 15 to 30 atmospheres, is active in precipitating colloidal 
bodies within the bacterial cells. With higher pressures, such 
enormous amounts of the gas are dissolved that the pressure may 
be released with sufficient suddenness to explode many of the 
cells before too much gas is lost by diffusion. 


SUMMARY 


1. An apparatus for treating liquid cultures with a gas is 
described. 

2. The individual effects of sudden application of pressure, 
sudden release of pressure, time, and hydrogen ion concentration 
upon the bacteria-destroying power of CO, under pressure are 
given. 

3. The action is indicated to be a precipitation of certain 
colloidal systems within the cell body. 
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A number of investigators, particularly Winslow and his asso- 
ciates, have shown that bacteria carry a negative electric charge. 
The charge and consequently the rate of migration under the 
influence of an electric current can be modified by changes in 
pH. Stearns and Stearns (1924; 1925) have attempted to 
explain the Gram reaction of bacteria as related to or determined 
by the isoelectric point and the pH. Winslow and Upton (1926) 
failed to see any relation between the electric charge and the 
Gram reaction. The experiments described here were made to 
determine whether there exists any relation of this sort. 


EXPERIMENTAL 

A Gram-positive yeast and a Gram-negative bacillus, scher- 
ichia communior, were used as the test organisms. These were 
grown on potato extract agar for 24 hours, scraped off with a loop 
and transferred directly to the desired pH solution. After shak- 
ing for 15 minutes to break up the clumps the suspension was 
centrifuged and the supernatant fluid poured off. More of the 
suspension fluid was added, shaking was continued for five min- 
utes and the pH adjusted to the desired point. 

The suspension fluid was made of distilled water adjusted to the 
approximate pH. After the organisms were suspended in it the 
pH was adjusted with the aid of the hydrogen electrode. The 
organisms were made up in suspensions ranging in pH from 1.0 
to 14.0. 

The cell used for measuring the migration of the organisms was 
a modification of the apparatus described by Northrop (1922). 
211 
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Care was taken to prevent the interior of the cell from becoming 
coated with the organism and thus interfering with the test. 
The apparatus was kept level to prevent drifting. A D.C. 
current of 112 volts was used. 

The suspension of the organisms was placed in the cell and the 
migration rates determined. The electric charge of the organism 
is proportional to the migration velocity. The migration rate is 
given as micra per second. ‘The figures given in the table repre- 
sent an average of 20 readings. These readings were obtained by 
determining the rate of migration of 5 organisms in the upper half 
and 5 in the lower half of the cell. This was repeated after 
reversing the current. The organisms selected were at mid 
points of the upper and lower halves of the cell. 

Smears were made from the various suspensions and Gram 
stained by the Burke technique (1922) except that no sodium 
bicarbonate was added to the dye on the slide. 

The results are given in table 1. Upon exposure to a pH of 
1.5 and 13.5 the electric charge of Esch. communior became 
neutral and in a pH of 1.0 and 14.0 reversed or positive. The 
cells were Gram-negative in all reactions. The migration toward 
the positive pole was greatest at about neutrality and gradually 
decreased as the solution became either more acid or alkaline. 
There is nothing to indicate a relation between the electric charge 
and the Gram reaction since the charge was greatly modified and 
reversed without affecting the Gram reaction. 

With the Gram-positive yeast cells the migration velocity 
curve differs somewhat from that of Esch. coli. The greatest 
rate of migration was at about pH 10.0. The charge was reversed 
at pH 13.0 to 13.5. The charge became neutral at pH 2.0 and did 
not become reversed at pH 1.0, i.e., the cells were still motionless. 
The Gram-positive character of the cells began to be lost at a pH 
of 12and3.5. At these pH values the cells still carried a negative 
though reduced charge. 

It is seen from this experiment that it is possible to reverse the 
charge of a Gram-negative cell without affecting the Gram reac- 
tion. And that with a Gram-positive cell it is possible to reverse 
the Gram reaction without reversing the charge. Whether it is 
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possible to reverse the Gram reaction without affecting the nega- 
tive charge was not determined by this experiment. Burke and 
Barnes (1929) however, have shown that by breaking the cell 


TABLE 1 


ESCH. COMMUNIOR YEAS 
pH Velocity Gram reaction pH Velocity Gram reaction 
1.0 = +1.0 _ 1.0 = 0.0 = 
1.5 0.0 - 1.5 = 0.0 _ 
2.0 = —-0.9 - 2.0 0.0 
2.5 = —2.4 _ 2.5 = -2.5 t 
3.0 —-40 — 3.0 —6.0 $ 
3.5 = —6.0 - 3.5 —8 0 + 
4.0 = —8 6 - 40 —10.2 } 
4.5 —-12.3 | - 4.5 —12.2 + 
5.0 = —12.0 - 5.0 —12.5 t 
5.5 = —-11.6 _ 5.5 -12.0 ; 
60 = -42 | _ 60 = -126 n 
6.5 = —-15.0 | = 6.5 = —13.4 + 
7.0 -16.8 | ~ 7.0 —15.0 | + 
7.5 = -168 | - 7.5 = —15.2 + 
80 = -150 | - 80 = —15.8 , 
8.5 —-140 | _ 8.5 = —16.5 | + 
9.0 : —13.0 | - 9.0 = —18.0 + 
9.5 —-11.5 | _ 95 = —I84 } 
0.0 = -105 | _ 00 = 19.0 \ 
10.5 : —9.5 - 10.5 = -18.6 } 
11.0 —8.0 — 11.0 = 18.0 
11.5 —7.1 -- 11.5 14.0 
12.0 = —6.5 -- 12.0 10.2 t 
12.5 : —5.5 - 12.5 —5.0 $ 
13.0 —2.0 - 13.0 -4.0 - 
13.5 = 0.0 | — 13.5 +5.0 
14.0 +26.0 — 14.0 





Velocity expressed as average velocity in micra per second at various pH 
values. — indicates migration toward anode, + migration toward cathode. In 
reference to the Gram reaction + indicates Gram positive, — Gram negative, and 
+ Gram amphophile. 


wall the Gram reaction of a Gram-positive cell can be reversed. 
The pH of the protoplasm appears to be the same as that of the 
unbroken cells which remain Gram-positive. 
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CONCLUSIONS 

Gram-positive and Gram-negative cells may show a similar 
migration curve under the influence of an electric current. Both 
carry a negative electric charge and move toward the positive pole. 
The electric charge on the cells can be altered by the addition of 
acid and alkali. The charge on the Gram-negative cells may be 
reversed without reversing the Gram reaction. The Gram reac- 
tion of the Gram-positive cells may be reversed without reversing 
the electric charge. 

The Gram reaction is apparently not determined by, and may 
not be correlated with, the electric charge on the cell. This 
experiment adds support to the conclusion of Winslow and Upton 
that there is no apparent relation between the electric charge and 
the Gram reaction such as was postulated by Stearns and Stearns 
(1924; 1925). 
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In a previous publication (Klein and Stone, 1931) it was re- 
ported that cholesterol sensitizes pneumococcus to lysis by sapo- 
nin. Pneumococci when tested in plain broth culture are not dis- 
solved by saponin to any appreciable extent within the period of 
observation, but if cholesterol is added to the broth medium or to 
the grown culture prior to the addition of saponin, rapid and com- 
plete lysis occurs. Our experiments favored the interpretation 
of the lysis as resulting from a union of saponin with the choles- 
terol adsorbed by the bacterial cell during sensitization. 

The mechanism of the pharmacologic action of saponin in 
general, is still a matter of dispute (Kofler, 1927). In the present 
paper are reported certain experiments which further support 
the contention that a saponin-cholesterol union is instrumental 
in bringing about the lysis of the cell. This evidence comprises: 
(a) correlation between the ability of other substances to sensitize 
the pneumococcus to saponin, and their known chemical affinity for 
saponin; (b) correlation between cholesterol affinity and bacterio- 
lytic activity of other members of the saponin group. Aflinity 
for sterols is known to be a characteristic of the group of saponins 
(Kofler and Raum, 1930). 


ERGOSTEROL 


It was of particular interest to study the sensitizing activity of 
ergosterol for the following reasons: (a) Ergosterol might be 

1 This work was supported by a grant from the Chemical Foundation, Inc., 
New York City. 
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expected to possess sensitizing activity in virtue of its saponin af- 
finity. (6) Ultra-violet irradiation of ergosterol results in a loss of 
digitonin-precipitibility? (Windaus, 1931). This afforded a possi- 
ble opportunity for demonstrating a loss of sensitizing activity 
parallel to the loss of saponin affinity which results from the alter- 
ation of the molecule. (c) It seemed of interest to attempt to 
discover a new “‘biological’’ difference between ergosterol and 
its irradiated isomer. (d) Ergosterol is known to occur as an im- 
purity in ordinary preparations of cholesterol. We wished to 
determine whether the previously reported sensitizing activity of 
cholesterol was attributable to contaminating ergosterol. 

Attempts to sensitize with ergosterol by the technique used 
for cholesterol were negative. However, by appropriate modifi- 
cation of technique to make due allowance for the lesser solubility 
and thermostability of ergosterol as compared with cholesterol, 
uniformly positive results were obtained. 


The sensitizing substance was added to the broth medium prior to 
inoculation. The addition could not be performed by the use of dry 
crystals, as was possible in the case of cholesterol. It was found neces- 
sary to add the ergosterol in fine suspension. A stable suspension of 
ergosterol was prepared by adding 1 ec. of a warm 0.1 per cent solution 
of ergosterol in 95 per cent alcohol drop by drop with constant agitation 
to 9 cc. of distilled water (Eisler, 1926). Measured amounts of this 
suspension or aqueous dilutions thereof were added to tubes of sterile 
broth which were then incubated for sterility prior to inoculation. The 
very small amount of alcohol added to the culture medium was found in 
control experiments to be without effect. The tests for lysis were per- 
formed as previously described (Klein and Stone, 1931). 


It was found that sensitization could be effected just as effi- 
ciently with ergosterol as with cholesterol, and in approximately 
the same concentration. The addition of 0.01 mgm. of ergosterol 
to 5 ec. of broth renders the pneumococci (of various types) sus- 
ceptible to lysis by saponin, which is complete within one hour. 
Amounts of 0.001 mgm. of ergosterol make for complete but 


? Digitonin is a typical member of the saponin group which has been the most 
studied due to the stability of the compounds it forms with sterols. 
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slower lysis (complete next day). Control cultures in plain broth 
were not dissolved. We have found similar values for choles- 
terol (Klein and Stone, 1931). Since ergosterol occurs in ordi- 
nary preparations of cholesterol only in minute quantity (about 
1:2000 according to Rosenheim and Webster, 1927) we could rule 
out on quantitative grounds the reported sensitizing activity of 
cholesterol as attributable to contaminating ergosterol. Fur- 
thermore, as noted above, ergosterol was found to be inactive 
under conditions which allow cholesterol to display sensitizing ac- 
tivity. We concluded that independent sensitizing activity is 
possessed by cholesterol and ergosterol in virtue of their chemical 
affinity for saponin. 


IRRADIATED ERGOSTEROL 


A sample of irradiated ergosterol (which still contained 1.6 per 
cent digitonin-precipitable sterol), kindly supplied to us by Dr. 
Charles E. Bills, was tested by the technique described above for 
ergosterol. A stable aqueous suspension is much more readily 
obtained with irradiated ergosterol than with ergosterol. The 
tested sample manifested some degree of sensitizing activity but 
only when tested in high concentration, i.e., 1.0 to 0.1 mgm. per 
5 ec. These concentrations of irradiated ergosterol are in them- 
selves markedly bacteriostatic. Amounts of 0.02 mgm. of the 
sample produced no lysis after three hours at room temperature 
and usually only incomplete lysis after refrigeration over-night. 
It seems evident that ultra-violet irradiation of ergosterol has 
caused a loss of sensitizing activity as well as a loss of saponin 
affinity. It is probable that the degree of sensitizing activity 
manifested by this sample is due to the digitonin-precipitable 
sterol still present. 


OTHER SAPONINS 


All studies hitherto reported had been with saponin Merck pure. 
This substance is an amorphous powder and is not “‘pure”’ in the 
strict chemical sense (Kofler, 1927). To obtain evidence that the 
bacteriolytic reaction is concerned not with an impurity in the 
saponin preparation, but with a property of the saponin itself, 
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i.e., its cholesterol affinity, we tested other members of the saponin 
group. These various substances are obtained from widely differ- 
ent plant sources, and as previously noted, all possess affinity for 
cholesterol. The list of saponins tested, includes: saponin Merck 
pure, saponin (Eimer and Amend), digitonin (Merck), helleborein® 
(Merck), digitalin German, trilliin, solanine’ (the latter three from 
Eimer and Amend). 

We detail a typical experiment with Pneumococcus type III. 
The washed bacteria harvested from eighteen-hour culture in 
plain broth and in 0.001 per cent cholesterol broth were resus- 
pended in sterile saline or in sterile broth to approximately equal 
turbidity. To 0.5 cc. amounts of these suspensions was added 0.5 
ec. of saline solutions of the saponins in varying concentration. 
The saponin solutions had been sterilized for twenty minutes at 
100°C. Due to their very low solubility, digitonin and solanine 
were used in saturated solution; trilliin was used in one-tenth 
saturated solution. ‘The other saponins in this experiment were: 
saponin Merck 1:10 and 1:1000, digitalin German 1:5000, 
helleborein 1:1000. The tests were kept under observation for 
nine hours at room temperature. 

In the case of the saline and broth suspensions of the cholesterol- 
broth culture, lysis was rapid and complete (usually within one 
hour) with all saponins except helleborein which gave only partial 
lysis; with solanine, although the saline suspension was rapidly 
dissolved, the broth suspension was not affected. No lysis ap- 
peared in the broth suspensions of pneumococci from plain-broth 
culture, except a trace after nine hours in the case of digitalin 
and trilliin. However, these plain-broth-pneumococci may show 
some lysis when tested in saline suspension; this is appreciable 
with trilliin and saponin Merck 1:10, which, nevertheless, show a 
distinct lag in both rate and degree of lysis, as compared with that 
obtained with the bacteria from cholesterol-broth culture. Fur- 
thermore, the reduction of the concentration of reagent serves to 


* It may be noted that some doubt exists as to whether solanine and helleborein 
properly belong to the saponin group. They differ from typical saponins in cer- 
tain respects (Kofler, 1927) which we need not enter into here, other than to men- 
tion that Kofler and Lazar (1927) found helleborein to be much less hemolytic 
than any of eight typical saponins tested. 
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emphasize the sensitizing action of cholesterol, e.g., the reduction 
of the concentration of saponin Merck from 1:10 to 1:1000 pre- 
vented almost completely the lysis of saline suspensions of plain- 
broth-pneumococci without perceptibly detracting from the rapid 
lysis of cholesterol-broth-pneumococci. 

Results essentially similar to the above were obtained in ex- 
periments with a strain of Pneumococcus type VIII. 

In summarizing: It was found that cholesterolization of the 
pneumococcus causes increased susceptibility to other saponins 
as well as to saponin Merck. Pneumococci derived from plain- 
broth culture are much more resistant to lysis by these saponins 
than are those obtained from cholesterol-broth culture. This is 
especially evident when the bacteria are tested in broth suspension. 
Not all saponins act identically; this is readily understood since 
they vary also in their hemolytic activity and in their degree of 
avidity for cholesterol (Kofler and Raum, 1930). However we 
are not concerned at present with the differences in the saponins 
but only with the general finding that these various substances 
which possess cholesterol affinity are much more lytic for choles- 


terolized pneumococci than for pneumococci grown in plain broth. 


SUMMARY 


1. Ergosterol is capable of sensitizing the pneumococcus to 
lysis by saponin. 

2. Ultra-violet irradiation of ergosterol causes a loss in sensitiz- 
ing activity in parallel with the loss in affinity for saponin. 

3. Cholesterol sensitizes the pneumococcus to lysis by various 
members of the saponin group. 

4. These findings bring additional evidence in support of the 
contention that a saponin-sterol union is instrumental in effecting 
lysis. 
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It has been suggested that there is a group relationship between 
Actinobacillus ligniéresi and Pferfferella mallei. This relationship 
is based on morphologic, cultural and serologic characters, the 
evidence for which I shall present. It is pertinent at this time, 
also, to recall that Stanton and Fletcher pointed out the close 
relationship existing between Bacillus whitmori and Pfeifferella 
mallei. 

The organism of glanders was first obtained in pure culture by 
Loeffler and Schiitz. The preliminary report of this work was 
made in 1882 by Struck who was director of the Gesundheitsamte. 
This report is usually credited to Loeffler and Schiitz. In 1886 
Loeffler published a detailed account of the work. In both of 
these publications the common name glanders bacillus (Rotz- 
bacillus) is used to designate the organism. In 1886 Fliigge used 
the name Bacillus mallei. Thus, the species name should be 
credited to Fliigge instead of to Loeffler or to Loeffler and Schiitz. 
In 1916 Buchanan proposed the generic name Pfeifferella, with 
the single species mallei. 

The organism causing actinobacillosis of cattle was described 
by Ligniéres and Spitz in 1902, and Brumpt in 1910 proposed the 
generic name Actinobacillus and the species name ligniéresi. In 
this case also there was a single species within the genus. Whit- 
more in 1913 described an organism found by him in a “‘glanders- 
like’ disease of human beings in Rangoon, and suggested the 
species name pseudomallei. Stanton and Fletcher encountered 
the same organism and gave the name Bacillus whitmori, stating 
that the term pseudomallei was invalid without giving a reason 
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for the statement. They also named the disease produced by 
this organism melioidosis after the name melis which was used 
by ancient Greek physicians to designate a variety of conditions 
resembling glanders. According to these workers, Bacillus 
whitmori is of rodent origin. The similarity between Bacillus 
whitmori and Pfeifferella mallei has led Topley and Wilson to 
place Whitmore’s organism tentatively in the genus Pfeifferella. 
However, in the classification of the Society of American Bacte- 
riologists it is put in the genus Flavobacterium. In this classifi- 
cation, therefore, the three organisms in question are put in three 
separate families. 

Although it is my intention primarily to emphasize the relation 
existing between the Actinobacillus and Pfeifferella mallei, I shall 
take occasion to confirm the work of Stanton and Fletcher with 
regard to the cultural characters and serologic relationships of 
Bacillus whitmori. The fifteen cultures of Actinobacillus used 
in this study were isolated from infected cattle. Their cultural 
characteristics and serologic relationships have been described 
previously (Thompson, 1933). Since there was little variation 
among them in cultural characters, the three strains for which 
immune rabbit serums had been prepared were included for the 
present group study. The strains and sources of the other or- 
ganisms used are as follows: (1) Bacillus whitmori No. 4799 
American Type Culture Collection (No. 1688 National Collection 
of Type Cultures) ; (2) Bacillus whitmori No. 4800 American Type 
Culture Collection (No. 1691 National Collection of Type Cul- 
tures); (3) Pfeifferella mallei, Parke-Davis and Company, desig- 
nated P.D. (represents No. 3 Army Medical School); (4) Pfeif- 
ferella mallei, H. K. Mulford Company, designated Mf, and (5) 
Pfeifferella mallei, Minnesota State Board of Health, designated F. 

There is nothing distinctive in the size or staining reactions of 
the three organisms. All are medium sized Gram-negative rod- 
shaped organisms. Table 1 gives the cultural characters which 
were of differential value. The potato medium is the most useful 
in distinguishing Actinobacillus ligniérest from the other two or- 
ganisms. On this the growth of Actinobacillus ligniéresi is slight 
or negative, whereas Bacillus whitmori and Pfeifferella mallet 
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produce an abundant yellowish growth, which, in the case of 
Bacillus whitmori, was wrinkled. However, smooth strains have 
been described. The growth of Actinobacillus ligniéresi on glyc- 
erol agar is not pigmented, whereas the other two organisms 
produce a yellowish growth on this medium. 

The sugar fermentation reactions of the three organisms are 
similar in that no gas is produced. The freshly isolated strains of 
Actinobacillus ligniéresi were more active on sugars than the stock 
strains of Bacillus whitmori, although Stanton and Fletcher noted 
that the latter organism lost some of its fermentative powers after 
several months on artificial mediums. Pfeifferella mallei was the 
least active on sugars. One of the three strains attacked glucose 
slightly. Stanton and Fletcher also found that Pfeifferella mallet 
may ferment glucose slowly. 

The cultures of Bacillus whitmori included in this work were 
motile in young broth cultures and liquefied gelatine in three to 
four days at 37°C., thus differing from the cultures of Actino- 
bacillus ligniéresi and Pfeifferella mallet. It was found also that 
Bacillus whitmori liquefied blood serum rapidly at 37°C. This 
does not agree with the statement by Topley and Wilson that 
Bacillus whitmori fails to liquefy blood serum. The cultures of 
Bacillus whitmori agreed in all other respects with the published 
descriptions of this organism, and, as will be seen, were serologi- 
cally related to Pfeifferella mallei. 

The serologic relationship of the three organisms was tested by 
means of cross-agglutination tests, using immune rabbit serums. 
In addition, the serums of immune rabbits and of one human 
being infected with Actinobacillus, were tested by the method of 
fixation of complement, using as antigen a preparation of mallein 
obtained from one of the manufacturers of biological products. 
Table 2 shows the results of cross agglutination tests. It can be 
seen that serums prepared with cultures of Actinobacillus often 
contain agglutinins for Bacillus whitmori and Pfeifferella mallet, 
and conversely that serums prepared with cultures of Bacillus 
whitmori and Pfeifferella mallei often contain agglutinins for 
Actinobacillus ligniéresi. The two strains of Bacillus whitmori, 
and the strains P.D. and F of Pfeifferella mallei are similar. On 
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the other hand the strain Mf of Pfeifferella mallei seems to be 
more like strain 10 of Actinobacillus. These serums were also 
tested with strains of Alcaligenes abortus, Pasteurella tularensis 
and Klebsiella rhinoscleromatis, to find out if there might be any 
evidence of group reactions. Results were negative in all cases. 

The complement-fixation test does not distinguish among the 
three organisms as is shown by the following tests. Using a 
preparation of mallein as antigen, the following serums gave a 
strongly positive reaction: (1) human serum from a case of in- 
fection with Actinobacillus; (2) serums of three rabbits immunized 
with cultures of Actinobacillus; (3) serums of two rabbits im- 


TABLE 2 


Agglutination tests with organism of the genus actinobacillus 





RABBIT SERUMS 
CULTURE — 
10 27 99 





Actinobacillus lignitresi | 5,120 | 1,280) 2,560 
Actinobacillus lignitresi | 320 | 10,240 2,560 
Actinobacillus ligniéresi 1,280 160, 10,240 0 


Bacillus whitmori 20 80, 2,560 20 
Bacillus whitmori 80 2,560) 640 


Pfeifferella mallei 2,560) 2,560 
Pfeifferella mallei 0 0 
Pfeifferella mallei 640) 2,560 








munized with cultures of Pfeifferella mallei, and (4) serum of one 
rabbit immunized with a culture of Bacillus whitmori. 

Besides the cultural and serologic characters of the three or- 
ganisms, which indicate that they are quite closely related, they 
are similar in other ways. Each organism is the cause of a dis- 
ease of animals which may be transmitted to man. Each or- 
ganism is said to produce the Strauss reaction in male guinea pigs. 
There is also a general similarity in the manner in which each 
of the three organisms localizes in its animal host. Lymphatic 
and pulmonary involvement iscommon. In acute cases of glan- 
ders and melioidosis there appears to be a dissemination by the 
hematogenous route with the formation of multiple necrotic foci, 
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whereas in actinobacillosis the disease runs a chronic course in 
cattle which may be compared to the chronic type of glanders in 
horses known as farcy. In both cases the lymphatic structures 
are involved primarily, and the glands tend to break down and 
suppurate. 

In view of the striking similarity which is exhibited by the 
three organisms now known in the classification of the Society of 
American Bacteriologists as Actinobacillus ligniéresi, Pfeifferella 
mallet and Flavobacterium pseudomallei, it is recommended that 
the two last named organisms be placed in the genus Actinobacillus 
Brumpt, since this name has priority over the name Pfeifferella 
proposed by Buchanan. It is perhaps unfortunate that Actino- 
bacillus has been used for this group which has so little in common 
with the Actinomycetaceae. It is further recommended that the 
proposed genus Actinobacillus be placed in the family Mycobac- 
teriaceae in the position at present occupied by Pfeifferella. The 
following definition for the genus is suggested and a key is offered 
for the separation of species: 


GENUS V ACTINOBACILLUS BRUMPT, 1910 


Medium sized aerobic Gram-negative rods, staining poorly, some- 
times forming threads and showing a tendency toward branching. Good 
growth on ordinary culture medium. Produce acid but no gas in car- 
bohydrates. Cause diseases of animals which may be transmitted to 
man. The type species is Actinobacillus ligniéresi (Ligniéres and Spitz, 
1902, Brumpt 1910). 


Key to the species of genus Actinobacillus 


1. Nonmotile 
a. Growth slight or negative on potato. 
1. Actinobacillus ligniéresi 
aa. Good growth on potato. 
2. Actinobacillus mallei 
2. Motile 
a. Good growth on potato. 
3. Actinobacillus pseudomallei 


SUMMARY 
A study has been made of three strains of Actinobacillus lig- 
niéresi isolated from cattle in the United States, two strains of 
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Actinobacillus pseudomallei received from abroad, and three 
strains of Actinobacillus mallei obtained from laboratories in this 
country. 

The results of this study confirm the report of Stanton and 
Fletcher concerning the close relationship existing between Ac- 
tinobacillus mallei and Actinobacillus pseudomallei. It is also 
shown that Actinobacillus ligniéresi is related to the above named 
organisms morphologically, culturally and serologically. 

The generic name Actinobacillus has priority for this group of 
organisms, and is recommended. It is also recommended that 
the genus Actinobacillus be removed from the family Actinomyce- 
taceae and be placed in the family Mycobacteriaceae in place of 
genus Pfeifferella which it supplants. 
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The data to be presented here bear primarily on the relation- 
ships of six types of cultures, derived from clover or pea nodules, 
or stock cultures of Rhizobium trifolii or R. leguminosarum. 
These six types, while they were derived from sources which 
might lead one to suspect their identity with the clover and 
pea nodule organisms, nevertheless possessed cultural charac- 
teristics markedly different from those of the rhizobia. A num- 
ber were chromogenic, and some produced only negligible amounts 
of gum. These facts were considered worthy of further investi- 
gation, for they pointed to the possibility of radical changes in 
the root-nodule organisms which, if properly understood, might 
help to explain the sudden losses in infective power which are 
known to occur and the fluctuations in nitrogen-fixing ability 
when in association with leguminous plants. 

The transformations, one to another, of the six abnormal types 
of organisms and of the normal type as treated in this paper, 
coupled with the presence of filterable forms, are suggestive of 
dissociation phenomena as described by those who have worked 
with other organisms. Previous citations of cultural variation 
however among the species of Rhizobium have been few. With 
minor modifications, only one type of colony for each cross- 
inoculation group has been recognized. Deviations from these 
types have usually been looked upon by other workers as con- 
taminations. The only unquestioned description of a rough form 
is that of Israilsky and Starygin (1930). No intermediates are 
mentioned. Our cultures do not conform to their description of 
a rough race. 


1 Published with the approval of the Director of the Wisconsin Agricultural 


Experiment Station. 
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In view of the chromogenic character of certain of the cultures 
dealt with in this paper it is interesting to note that the contents 
of lupine nodules in the hands of Frank (1890) yielded yellow 
colonies more than once, and that the name Rhizobium legumino- 
sarum as applied by Frank was thus originally intended to cover 
a pigmented form. A variety of chromogenic and other aberrant 
forms from lupine, Vicia faba, and Trifolium incarnatum nodules 
were also described by Gonnermann (1894). It is possible, in the 
light of the data to be presented in this paper, that some of his 
organisms bore some relationship to the true nodule formers, 
though his reported ability to induce nodule formation with these 
cultures is questioned. Some of the types isolated by de Rossi 
(1907) called by him contaminants, might also, conceivably, be 
similar to some later to be described in this paper, since in certain 
instances these were the predominating types of organisms to be 
isolated from nodules. A red-brown form, according to Milovidov 
(1928) is the usual inhabitant of the nodules of Carmichaelia. 
It is difficult to determine from the meager description given 
whether the Bacillus luteo-albus which was found by Beijerinck, 
(1888) in some nodules was like any of our cultures or not. And 
it is not likely that any of the five species isolated in a number of 
instances by Burrage (1901) was like ours. Aside from these 
references to possible aberrant types of the nodule organisms of 
leguminous plants, the literature, as far as has been ascertained, 
is devoid of mention of anything that can be considered compara- 
ble to what is about to be described here. Only the reports of 
Israilsky and Starygin (1930) and of Milovidov (1928) give 
adequate evidence for the identity of their cultures. 

And yet it should not be too surprising to find chromogenesis as 
a characteristic of dissociating Rhizobium species. Members 
of the colon-dysentery-typhoid group, which may be not far 
distantly related to these organisms, have several times been 
credited, on seemingly good authority, with this property; and 
it should be noted that the pigment reported is yellow, which is 
the predominating one found in our cultures. Thus, Levy (1904) 
isolated a yellow, gas-producing organism, having most of the 
characteristics of Escherichia coli, from dough. Hévell (1916) 
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obtained organisms producing yellow pigment, but reacting 
otherwise like Eberthella typhi from stools and urine; these organ- 
isms were not pathogenic. Kdéhlisch, 1916, likewise found yellow 
organisms in feces and urine. By agglutination procedures he 
found them to be related to paratyphosus B organisms. Alm- 
quist (1911) obtained yellow cultures from filtrates of F. typhi 
And Kendall (1932) obtained yellow cultures from filtrates of F. 
coli and from a culture of E. coli grown in his K medium. 

Though information concerning cultural variation among the 
Rhizobium species is limited, an abundance of discussion exists 
concerning morphological variation. An adequate review of 
this discussion has been prepared by Fred, Baldwin, and McCoy 
(1932). Suffice it to say here that much of it centers around the 
possibility of a complex life cycle involving protoplasmic fusions, 
which, if adequately substantiated, would provide an explanation 
of the mechanism by which new forms might arise. 


DESCRIPTION OF ORGANISMS 


The six types of aberrant cultures treated are described below 
for purposes of citation. The type number, followed by a serial 
number, is used in the designation of individual cultures in the 
tables and in the text. (See table 1.) In cases in which no 
reference is made to particular cultures the key descriptions are 
used in the text. Both type numbers and key descriptions are 
used in the tables. 

The types are differentiated chiefly on their macroscopic 
colony appearance on yeast-water mannitol agar (Fred and Waks- 
man, 1928). Occasionally a culture has seemed to belong in a 
position intermediate between one of these types and the normal 
type. Such cultures are referred to in the tables simply as 
“‘intermediates.”’ 


More complete descriptions of organisms 


Type number and 
key description 


1 Thin, scanty, non-gummy growth on yeast-water mannitol agar 
Colorless, Non-chromogenic. Small colonies. Behavior in gelatin and 
non-gummy litmus milk variable. Long rods. 











TABLE 1 


Origins of the aberrant cultures 





TYPE AND SERIAL | 


NUMBERS SOURCE 


Colorless, non-gummy 











Second plate, Hauduroy (1929) method, of lytic filtrate of R. 
trifolii, 235 
Same source as 1-1 
| Transfer from R. trifolii, 205-1 s.c. 
| Transfer from R. trifolii, 205B s.c. 


Yellow, non-gummy 











Pea inoculated with R. leguminosarum, 313 
First plate, Hauduroy method, of filtrate of R. trifolii, 205-1-2 
8.c. 
| Second plate, Hauduroy method, of filtrate of R. trifolli, 205-1-3 
8.c. 
| From R. trifolii, 214 
| First plate, Hauduroy method, of lytic filtrate of R. trifolii, 236 
| From R, trifolii, 205-1-3 s.c., grown in filtrate of same culture 
| Same source as 2-6 
| Nodule of red clover 


b> to to 
| | | 


Pe a 


bt to 











White 





| Same source as 2-6 
Same source as 2-6 
From R. trifolii, 209 





Yellow, gummy 








| Red clover inoculated with R. trifolii, 234 
Same source as 4-1 
Same source as 4-1 

Same source as 4-1 





Brown, gummy 





| Second plate, Hauduroy method, of lytic filtrate of R. trifolii, 
236 
Same source as 5-1 
Same source as 5-1 
Same source as 5-1 
| Second plate, Hauduroy method, of lytic filtrate of R. trifolii, 
| 235 
| Same source as 5-6 








Pink 





6-1 s.c. Plate colony, dissociant of 5-5 





Cultures indicated by the letters ‘‘s.c.’’ following the number were developed 
from single cell isolations. 
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Type number and 
key description 


2 Seanty gum production. Lemon-yellow or orange pigment on 
Yellow, yeast-water mannitol agar. Small colonies. Morphology 
non-gummy variable— coccoid or rod-shaped, of the same order as the nor- 
mal organisms, but with the coccoid for predominating. Motile; 
single, polar flagellum. Behavior in gelatin and litmus milk 

variable. 

3 Like type 2, but white instead of yellow or orange. Growth in 
White gelatin, but no liquefaction after four weeks. No visible change 

in litmus milk. 

4 Gummy to almost as great an extent as normal Rhizobium trifolii 
Yellow, or R. leguminosarum. Yellow chromogenesis. Morphology 
gummy like the normal organisms. Growth on gelatin; no liquefaction 

after four weeks. Some cultures produce a serum zone in litmus 
milk. 

5 Like type 4, except for the color of the pigment produced. This 
Brown, varies with the age of the culture from a brownish yellow toa 
gummy dark yellowish, bluish, or reddish brown, or, at times, purple. 

6 Searcely gummy at all. Chromogenesis, a bluish-pink. Pin- 

Pink point colonies on yeast-water mannitol agar. Thrives some- 
what better on plain agar. Rods—somewhat broader and more 
uniform in size than the typical organisms. Grows in gelatin, 
but does not liquefy it in four weeks. Produces no visible 
change in litmus milk. 


These cultures do not form nodules on clover or alfalfa plants 
under greenhouse conditions which are favorable for nodule 
production by typical cultures. On conventional laboratory 
media they are as stable as the normal Rhizobium cultures. 

Evidence bearing on the identity of the six types of organisms 
just described has been gathered along three general lines: the 
derivation of atypical forms from typical cultures; the partial or 
total changing of one aberrant type to one or more others, with 
reversion to the normal form in two instances; and the relation- 
ships betrayed by specific agglutination. 

The normal cultures mentioned in the text have all been 
carried for more than a year. They have shown no evidence of 
impurity by the milk and potato tests; and have shown themselves 
capable of producing nodules when inoculated onto the proper 
plants. 

A list and brief history of the aberrant cultures used is given 
in table 1. For the reader’s ready information, cultures of single 
cell origin are designated in most of the tables by the letters “‘s.c.”’ 
following the number. 
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THE DERIVATION OF ABERRANT CULTURES FROM NORMAL ONES 
Accidental occurrence in nodules and stock cultures 


It has previously been mentioned that the abnormal types with 
which we are concerned have been derived both from nodules and 
from stock cultures. In most instances they have been en- 
countered in cultures which underwent special treatment. How- 
ever, in a few instances they have been obtained from typical 
cultures and from nodules in the normal course of their handling. 

Usually, only occasional colonies from the plating of nodule 
contents have shown aberrant characteristics, and these, as far 
as has been noted, have been of the colorless, white, or yellow 
types. (See table 1, culture 2-8.) In the plating from which 
our yellow gummy cultures were derived, however, no other type 
appeared, not even the normal type. And the nodules from which 
these platings were made had been secured in such a way that 
possibility for contamination was reduced to a minimum. Red 
clover seeds subjected to treatment with mercuric chloride and 
calcium hypochlorite to free them from microérganisms were 
planted in Crone’s agar (Bryan, 1922) in bottles stoppered with 
cotton. The only microérganisms in the bottles, supposedly, 
were those of the culture of phage-sensitive Rhizobium trifolii 
introduced for inoculation purposes. The platings from the 
contents of the nodules formed under these circumstances in one 
of the bottles were made after two and one-half months, and 
revealed, as has been mentioned, only yellow, gummy colonies. 
(See table 1, cultures 4—1 to 44 inclusive.)* 

The cultures which first suggested the possibility of their 
relationship with true Rhizobium were some of the yellow, non- 
gummy type which came from the multiplication of single cells 
isolated from pea nodules. (See table 1, culture 2-1.) These 
nodules, it is true, could have contained organisms other than the 
nodule formers, since the plants from which they came were grown 
in open pots. On the other hand, the sand had been autoclaved 
long enough to kill all organisms, and the usual precautions for 


2 Type 4 cultures have also been isolated from nodule suspensions by single- 
cell technique. 
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maintaining sterile conditions, such as the mercuric chloride and 
hypochlorite treatment of the seed, the use of sterile water, 
and the maintenance of humid conditions in the green-house, were 
exercised. 

The occurrence of aberrant types among laboratory cultures is 
sporadic, as it is among cultures direct from nodules. Upon a 
few occasions the bottles containing the organisms for inoculating 
purposes as they are sent to farmers have shown homogeneous 
growth of either of the yellow types. Twice, in the author’s 
experience, one of duplicate transfers made from slants of single- 
cell clover cultures onto new slants of the same yeast-water 
mannitol agar has shown uniform growth of the non-gummy 
yellow type, probably incapable of forming nodules, while the 
other of the duplicate transfers has retained its original charac- 
teristics. The colorless non-gummy type has also been known 
to appear in this way from single-cell cultures. (See cultures 1-3 
and 14, table 1.) 


Filterability 


Although under seemingly uniform conditions abnormal cul- 
tures are derived from normal cultures only fitfully and un- 
reasonably, under some controlled conditions they may appear 
more regularly. In a high percentage of cases the filterable ele- 
ments in liquid cultures will give rise to cultures such as have been 
described above. This has been determined by the cultivation 
of filtrates on agar plates by what is essentially the Hauduroy 
(1929) technique, which consists in spreading 0.5 cc. of filtrate 
over the surface of hardened agar in a Petri dish, incubating for 
a suitable length of time, washing off the surface with sterile 
liquid medium if the plate shows no growth, and transferring the 
washings to a sterile agar plate, the washing and transferring to 
be repeated seven times or more if growth does not appear earlier. 
For these organisms five days were allowed to elapse between 
each washing. The medium used here, as in all other work with 
these organisms unless otherwise specified, is the yeast-water 
mannitol medium in Fred and Waksman (1928). Berkefeld N 
filters were used. They were tested for their filtering efficiency 
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with broth cultures of Serratia marcescens following each two 
filtrations of the experimental cultures. 

Table 2 gives the results of some of the attempts at cultivation, 
with the essential data concerning the source of the filtrates. 
The cultures before filtration were grown in a modification of the 


TABLE 2 


Results of cultivation of filtrates of normal cultures of Rhizobium 

















| womeer | 
CULTURE | or AGE OF FILTRATE LYTIC TYPES OF GROWTH BY HAUDUROY 
NUMBER FILTRATES ACTIVITY METHOD 
TESTED | 
| days | 
200-1 s.c. 2 | 42 ~ | Brown, gummy 
205-1-2 s.c. 2 35 - Yellow, non-gummy 
205-1-3 s.c. 2 42 | - Yellow non-gummy and 
| white 
205B s.c. 1 28 _ Colorless, non-gummy 
214-3 s.c. 3 4, 7, 28 - | None 
218* 1 12 + | Normal 
234 1 49 | —t | Colorless, non-gummy 
235 9 14t, 28, 35, 56 | + Each of the abnormal types 
except pink 
236 5 28, 35,56 | + | Each of the abnormal types 
except pink 
236 1 28 | -t | White 
332 | 5 | 28, 84, 122, 150 a | Colorless non-gummy, 
| white, yellow gummy, and 
| | normal 


* The filtrates of this and all of the cultures following it in the table were 
obtained following lysis by a stock bacteriophage. 

t The filtrate control contained a granular growth like that described by 
Hauduroy, 1929, as occurring in filtrates. This may account for the loss of lytic 
activity. 

t This sample yielded no growth by the Hauduroy method. 


usual medium; the mannitol was omitted and the yeast-water 
content increased to 200 cc. per liter. Some were dissolved by 
phage activity before filtering. In the successful cases cultures 
appeared on the Hauduroy plates before the seventh washing, 
many of them as early as the first plate, although the correspond- 
ing tubes of filtrate showed no signs of growth, except in two cases, 
either within the original tube or when transferred to new tubes of 
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liquid medium. Nor did microscopic examination of the clear 
filtrates reveal the presence of any recognizable bacterial elements. 
Some of the filtrates were concentrated by evaporation, under 
partial vacuum at relatively low temperatures, to facilitate such 
examination. The granular growth reported in two instances 
conformed very well to Hauduroy’s (1929) description of growth 
in filtrates, and to Hadley, Delves, and Klimek’s (1931) deserip- 
tion of the “G”’ form. 

Of the thirty-two filtrates which were subjected to this method 
of cultivation only four yielded no cultures at all and three of 
these had stood in the laboratory for a shorter period since filtra- 
tion than had those which yielded positive results. The age 
of the filtrate may therefore be important in securing positive 
results by this method. Three of the filtrates gave rise to normal 
cultures; the remaining twenty-five showed abnormal forms on the 
Hauduroy plates. 

It is of interest that more than one abnormal type of culture 
developed in some cases from a single sample of filtrate, but that 
in no case did an abnormal culture and a normal one appear on 
the same plate. We shall not try to explain these occurrences. 
Suffice it to say that the results seem to indicate that from normal 
cultures of Rhizobium trifolit and R. leguminosarum, some of them 
of single-cell origin, filterable elements may be developed with 
or without the action of a bacteriophage, and that these may give 
rise to normal cultures or to one or more of five abnormal types. 
Cultures 1-1, 1-2, 2-2, 2-3, 2-5, and all of the brown, gummy 
type listed in table 1 were derived by this method. The normal 
cultures obtained by this method have been tested for their 
nodule producing capacity and found positive. 


Filtrates of old cultures as media 


The literature shows that dissociation often occurs among 
bacteria when the environment is modified in such manner as to 
make it unfavorable for the continued growth of the original form. 
It was thought that if cultures were allowed to grow in a liquid 
medium for a period of a month or more, the medium would br 
so depleted of nutriment and so vitiated by the accumulation of 
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toxic products as to render it very unfavorable for the initiation 
of growth. Accordingly, the organisms were removed by filtra- 
tion from such old cultures and fresh inoculations were made into 
the filtrates. The type of growth following inoculations into 
media thus modified appear in table 3. The cultures developing 
are represented in table 1 by cultures 2-6, 2-7, 3-1, and 3-2. It 


TABLE 3 


Type of growth obtained following inoculation of normal, single cell cultures into 
filtrates of old single cell cultures 























CULTURE CULTURE 
—— or MEDIUM TYPE OF GROWTH OBTAINED 
FILTRATE DERIVED 
209-2 5-3 Bean-extract sucrose Yellow, non-gummy 
209-2 209-2 Yeast-water* Yellow, non-gummy 
214-3 214-3 Yeast-water | Yellow non-gummy and 
| white 
214-3 214-3 Yeast-water mannitol | Normal 
205-1-3 | 205-1-3 Yeast-water Yellow non-gummy and 
| white 
205-1-3 | 205-1-3 | Yeast-water Yellow, non-gummy 
214-1 214-1 | Yeast-water mannitol | Colorless, non-gummy 
214-1 214-1 | Yeast-water mannitol | Colorless, non-gummy 
200-1 201-1 | Yeast-water mannitol | Normal 
200-1 200-1 | Yeast-water mannitol | Yellow non-gummy and 
| white 
200-1 200-1 | Yeast-water Colorless, non-gummy 
107A 107A Yeast-water mannitol Normal 
107A 107A Yeast-water mannitol | Normal 
107A 107A | Yeast-water Normal 
313A 313A Yeast-water mannitol | Yellow, gummy 
313A 313A |  Yeast-water mannitol | Normal 








* Yeast-water, 200 cc. per liter in addition to the usual inorganic salts. 


cannot well be determined, of course, whether the cultures arising 
in the filtrates after reinoculation are the result of the multiplica- 
tion of the new inocula or the further development of the filterable 
elements from the previous cultures. In order to obviate the 
latter situation as far as possible the cultures grown for filtration 
to yield the vitiated medium were, in a few cases, at least, chosen 
from those which had previously given rise to no growth from 
their filtrates, a fact which might lead one to surmise that filter- 
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able living units were present only sparingly, if at all. (Cultures 
214-1, 214-3 and 313A.) As further control over the possibility 
of the filtrates themselves giving rise to new cultures, one-half of 
each filtrate was always retained without reinoculation and a 
portion of it plated at the same time that the inoculated portion 
was plated. It should be emphasized that filtrates do not ordi- 
narily yield cultures in plates by any but the Hauduroy technique. 
This control work was done by the ordinary plating procedure in 
which the inoculum is incorporated into the melted agar. 

One culture each of the crown-gall and hairy-root organisms, 
used for comparison in this work, showed no change when grown 
in their homologous filtrates. The four trials with these organ- 
isms are, of course, insufficient to justify definite conclusions. 


Action of bacteriophage 


No organized effort has been made to discover the extent to 
which an active race of bacteriophage may encourage the appear- 
ance of aberrant types. In the hundreds of cultures which 
have been subjected to the action of the phage, however, both 
yellow types have appeared frequently, usually as secondary 
growths, though sometimes before lysis was manifest. These 
types could be detected in the liquid medium by the pronounced 
milky turbidity which they produced. Tubes showing this type 
of turbidity were usually set aside for confirmatory transfer onto 
slants of the usual medium. In one series of eighteen tubes five 
showed the presence of the non-gummy, yellow type, but usually 
the ratio of aberrant to typical cultures was much lower than that. 
The yellow types have also appeared on agar plates which had 
been prepared to show plaque formation. On some of these 
plates plaques were present, but the growth was a marbled 
mixture of the typical and the yellow. It might be added that the 
yellow types have shown no indication of being sensitive to the 
two races of phage used here. 


Growth in soil 


In order to render soil fit for pure culture work, it must, of 
course, be freed from the life existing in it. The long heating 
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necessary to do this may alter it so as to make it quite different 
from an ordinary soil habitat. But whether or not results of 
growth of Rhizobium in autoclaved soil may be interpreted as 
being similar to what would occur in nature, they offer additional 
evidence for the appearance of hitherto unrecognized types from 
cultures of single-cell origin. 

The soil used was a garden loam containing a considerable 
quantity of humus. To one-half of it calcium carbonate was 
added to make the reaction more favorable for the organisms. 
Both lots were sterilized in test tubes for twelve hours at 15 
pounds pressure, whereupon transfers were made to broth to 








TABLE 4 
Forms derived from normal cultures in soil by plating in yeast-water mannitol agar 
sor, wirHout CaCO; sor wirn CaCO; 
CULTURE —— ——_ KK \m Kr - ———— 
| First month | Second month | First month | Second month 
_——_—}$ | $$$ | 
200-1 s.c. All normal | 1 colony, yel- | All normal All normal 
| low gummy | 
209-2 s.c. | Some brown, | A few brown, | All normal | All normal 
| gummy gummy } 
214-4 s.c | All yellow, | All yellow, | All normal | All normal 
| gummy | gummy 
107A s.c. | All normal | All normal | All normal | All normal 
313B s.c. | All normal _| All white Some colorless,) All normal 
| 


| 
| non-gummy 


check the sterility. No growth was observed during a two-week 
period. After inoculation with liquid cultures the soil was kept 
moist. Plate cultures were made at the end of one and two 
months. The results appear in table 4. 

The most striking thing shown by this table is that the aberrant 
forms appeared most often in the acid soil. Indeed, scarcely any 
change was noted in the cultures which were kept in the soil to 
which calcium carbonate had been added. The amount of change 
which occured in the acid soil is not so great as might be supposed 
at first glance. Only two cultures lost their normal characteris- 
tics completely. One did not change at all, and another showed 
only one aberrant colony on plating; while the remaining culture 
showed a small percentage of the brown, gummy type. 
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Growth in other media 


The use of yeast-water medium (200 cc. per liter; no mannitol) 
rendered alkaline to a pH of 8.2 resulted in the appearance of 
some of the atypical forms, chiefly the white and non-gummy 
yellow. The same medium at a pH of 7.6 encouraged the appear- 
ance of type 4 from three normal single-cell cultures. The 
number of cultures which gave evidence of change in these media, 
however, was a very small percentage of the number which have 
been grown in them. 


Nodule contents of plants kept in dark 


The plants, mentioned previously, which contained only the 
yellow, gummy type in their nodules were more than two months 
old, and quite yellow. It was postulated that carbohydrate 
starvation might have been responsible for the abnormal appear- 
ance of the nodule cultures. To test this hypothesis two bottles 
containing nodulated red clover plants eight weeks old were kept 
in a dark 30°C. incubator for eight days. At the end of this time 
the nodule contents were plated, with parallel plates from nodules 
of plants of the same age which had received normal daylight 
during the same period. Only typical colonies were obtained 
from the two lots of nodules. 


CHANGES AMONG ABERRANT CULTURES 


If the aberrant forms, which may be caused to appear so readily 
from cultures which show only typical characteristics, could be 
caused to revert to the typical state there would be little doubt of 
the relationship of these forms to the typical form. Even the 
demonstration of relationship of the aberrant types to one another 
might be considered to support the hypothesis of the common 
origin of all of them. A number of means have therefore been 
employed to attempt to hasten reversion or change from one form 
to another. It should be emphasized that under the ordinary 
conditions of transfer over a period of more than a year each type 
has retained the characteristics which it had when first isolated, 
except in the cases listed in table 5 in the column headed ‘‘Stock.”’ 
The methods employed, consisting primarily in modifications 
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of media, were of the types which other workers have found effec- 
tive in causing dissociation. Particularly were adaptations of 
methods used which others had found successful in causing rough 

















TABLE 5 
New types arising from aberrant cultures after growth in various media 
CULTURE MEDIUM 
CULTURE | | wi | Bean-extract | Stock; yeast- 
NUMBER Reduced iron | Deadecells | Soil | sucrose | water mannitol 
1-15 | Gform* | 
1-2* | 
1-4 s.c. 3 Normal 
2-1 s.c. 4and 5 
2-2 s.c.1,%,4 Intm.t 3 3 and Intm. Intm. Intm. 
2-3 s.c. 5 3 6 
2-4 8.c. 3 5 3 and 6 
2-5? 1 
2-7 1 and 6 
2-8! 3 2 
3-2 2 
4-1 s.c. 2 5 5 
4-2 s.c. 5 5 2 
5-5 s.c.® 6 
5-6 8.c. 3 Intm. 
5-7 8.c. Intm. 
6-1 s.c. 3 




















* Hadley, Delves, and Klimek, 1931. 

t Intm. = intermediates, approaching the normal form in appearance. 

1 Repeated transfer gave rise to type 3 from cultures 2-2 and 2-8 and to inter- 
mediates from culture 5-1. 

* Culture 2-2 produced some intermediates in peptone sucrose liquid. Types 3 
and 6 appeared in culture 2-5 in this medium. 

* Type 4 appeared in culture 2-1 when treated by the Quirk method. 

* Type 3 appeared in culture 2-2 grown in beef-peptone broth. 

* Culture 1-1 showed only normal colonies after growing in a filtrate 209-2 

* Culture 4-4 gave rise to types 2 and 3 on potato agar. Type 6 appeared in 
culture 5-5 when grown on this medium. 

For key to types see page 231. 


cultures to revert to the smooth form, for while our aberrant 
types may not be truly rough, neither are they truly smooth, if 
the typical form be considered the only truly smooth one. 

Among these methods, adaptations of the repeated transfer 
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procedure used by Koser and Styron (1930) and the one involving 
dilution of organisms and pH adjustment developed by Miss 
Quirk (1931) yielded no truly positive results. A few changes in 
type occurred which are noted in footnotes 1 and 3 to table 5. 

Growth in peptone sucrose medium, beef peptone broth ad- 
justed to pH 5, 7, and 8, and potato agar was no more successful. 
See footnotes 2, 3, and 6 to table 5. 


Filtrates 


In view of the success attendant upon the growth of normal 
cultures in filtrates of old cultures with regard to their production 
of abnormal types, the reverse was attempted. Filtrates of 
normal culture 209-2 were used entirely. Success in instigating 
a reversion to the typical form was attained with culture 1-1 a 
colorless, non-gummy type, on two occasions. Seven other 
cultures, representing the remaining five aberrant types, showed 
no change. 


Reduced iron 


That the oxidation-reduction potential of the medium has an 
important effect on the ability of aerobic organisms to initiate 
growth is known from the studies of Allyn and Baldwin (1932). 
If it is indeed such a potent factor in the environment, it might 
be expected to induce changes in organisms if altered in such a 
fashion as to make the environment markedly different from the 
usual. Rhizobium, at least the two species which are being 
considered here, appears to have as an optimum a potential in 
the vicinity of the value furnished by the yeast-water mannitol 
medium, but will grow normally in media varying to some extent 
on either side of this optimum. The genus is not generally con- 
sidered to be anaerobic, nor does it ordinarily do well in very 
reduced media. Therefore, anaerobic or very reduced conditions 
might be expected to supply sufficient shock to the organisms to 
cause them to alter their physiology and consequently their 
cultural characteristics if they survive at all. 

One method of supplying an environment relatively low in 
available oxygen was the addition of iron reduced by hydrogen to 
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yeast-water mannitol medium. Fourteen cultures were sub- 
mitted to this treatment, and plated after one week on the ordi- 
nary unreduced medium. Of these, only five (see table 5) gave 
any readily detectable evidence of having been influenced by the 
unsuited environment, but the evidence was marked enough to 
be significant. From 20 to 40 per cent of these five cultures were 
of the new types. 


Dead cells 


The most outstanding examples of transformation of rough 
into smooth types have been accomplished with the pneumococci, 
often with a change of specific type involved. Transformations 
of this nature have been brought about both in vivo (Griffith, 
1928) and in vitro (Dawson and Sia, 1931), by growing them in 
contact with dead smooth cultures. Dead cultures of 205-1 
were employed for our attempts with these organisms as suggested 
by the in vitro experiments of Dawson and Sia (1931). The 
normal culture was grown in liquid medium for four days. The 
tubes were then immersed in a 70°C. water bath for fifteen minutes 
to kill the organisms. Following this they were centrifuged and 
the supernatant liquid was removed. Transfers from the sedi- 
ment onto slants were made at this time as a control on the effec- 
tiveness of the killing procedure. Then fresh medium was added, 
and inoculations of atypical cultures were made. Since dilution 
is important in the case of the pneumococci, it was thought ad- 
visable to dilute these organisms also. Accordingly, a needle 
transfer from young liquid cultures was made to 10-cc. tubes of 
fresh medium, and a loopful of this was used to inoculate the 
medium containing the dead cells. Thirteen cultures were so 
inoculated in duplicate on two separate occasions. Platings were 
made after four and eight days. The changes are reported in 
table 5. 

A higher percentage of cultures showed change after having 
grown in this medium than in any other except soil. Five of the 
thirteen gave marked evidence of change of type, and one other 
(culture 5-6) gave indication of dissociation to the white type, in 
that one colony of this type appeared on one of the plates. 
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Soil 

If the forms which we have succeeded in isolating in the labora- 
tory occur in nature—and some of them do, in nodules, as we 
have seen—they should logically be found in the soil as well. 
Further reasoning would lead one to expect any changes which 
occur naturally to go on most readily in a natural environment. 
With this in mind, aberrant cultures were kept in garden soil 
(autoclaved for twelve hours) for four months. The soil was 
rather rich in humus and had an acid reaction. This was remedied 
by the addition of calcium carbonate to one lot, for acid soil is of 
doubtful suitability for the clover organism. The new types 
arising by this method are listed in table 5. 

Fourteen cultures were so carried. Eight of these showed the 
presence of one or more additional types after four weeks or more 
in the soil. The tendency seemed to be toward the appearance 
of the brown, gummy type in cultures of either of the yellow 
types. The brown, gummy type, itself, was stable in soil in 
those cases in which it lived; but in the acid soil no evidence of 
the presence of the cultures of this type could be found after 
three months. In other cases the reaction of the soil seemed to 
have little or no effect upon the viability of the culture or the 
type of change produced. 


Bean-extract sucrose medium 


A bean-extract sucrose liquid (Fred and Waksman, 1928) was 
quite successful from the standpoint of encouraging changes. 
Twelve cultures were kept in this medium for one month. Plat- 
ings were made after three and twenty-eight days. Five of the 
cultures (see table 5) showed evidences of change. 


Stock 


A statement was made earlier in this paper to the effect that 
the abnormal cultures are as stable under laboratory conditions 
as are the normal ones, if not more so. In spite of this fact rever- 
sion to the normal form did occur in one culture of the colorless, 
non-gummy type. Culture 1-2 showed gumminess in the stock 
which had been kept in the ice-box for a month. It was plated 
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and found to consist of approximately 75 per cent typical colonies, 
five of which were fished to slants and used for plant inoculation 
with resulting nodule production. Likewise, culture 5-6 (brown, 
gummy) showed characteristics of the normal type in stock. It, 
too, yielded a high percentage of normal-looking colonies on 
plating. These cultures were non-effective, however. 

The only case of change in a type 3 culture occurred in a stock 
which had received no special treatment. Culture 3-2 (white) 
showed patches of non-gummy, yellow growth. 

One of the few cases in which the pink type arose from the 
yellow, non-gummy type was also of this kind. Culture 2-1 
showed discrete colonies of the pink type scattered throughout 
the confluent growth of type 2 on the slant. 


Intermediates 


The cultures reported as “intermediate” in table 5 appeared, 
in most cases, to be mixtures of the normal form and one of the 
abnormal ones which could not be separated from each other by 
plating. But since such cultures caused no nodule formation on 
clover or alfalfa plants, probably no truly normal component was 
present. A few of the intermediates appeared perfectly normal, 
but because of their inability to form nodules have still been 
listed as intermediates. This is true of the ones derived from 
culture 5-7 (brown, gummy) in soil and from culture 5-6 as it was 
carried in stock. 

A few attempts were made to cause these various intermediates 
to change further by special manipulation. However, repeated 
transfer at short intervals in liquid medium, growth in soil, growth 
in homologous immune serum (10 per cent), and growth in a 
medium containing sodium hyposulphite effected no complete 
reversions to the normal type. 

The fact that each of the aberrant types was secured from some 
of the other aberrant types and that each of the aberrant types— 
in several cases single-cell cultures—gave rise to one or more of 
the other aberrant types furnishes strong evidence to support the 
hypothesis that all of these aberrant forms are related. The 
production of the normal infective form from culture 1-1, a 
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colorless, non-gummy and non-infective type, and the production 
of intermediates, cultures approaching the normal in form but 
non-infective, from several of the aberrant types indicates the 
relationship of these aberrant types to the normal type of 
Rhizobium. 


RELATIONSHIPS SHOWN BY SPECIFIC AGGLUTINATION 


Agglutination tests yielded no conclusive results. Some agglu- 
tination of organisms of one type was caused by antisera of 
another type, but there was little regularity in the grouping 
tendencies thus shown. The strongest evidence of relationship 
was shown among cultures 1-3, 3-1, and 6-1. Cross-agglutination 
reactions occurred quite consistently with these cultures, the 
only flaw being that the antiserum for culture 3-1 caused aggluti- 
nation of culture 1-3 in a titer no higher than 20. This is not a 
serious flaw, however, for the titer of this antiserum against the 
homologous organism was only 80. No normal agglutinins for 
these organisms could be detected in the sera of any of the 
rabbits used. 


DISCUSSION 


It may be seen from the foregoing paragraphs that filtrates of 
typical Rhizobium trifolii if spread upon agar plates and carried 
from plate to plate in series may give rise to one or more of six 
recognizedly different types, only one of which is like the original. 
A single culture may give rise to as many as four different types. 
This has occurred in a sufficient number of cases and with ade- 
quate enough control, it is believed, to warrant assumption of the 
existence of filterable elements in such typical cultures. These 
filterable elements, in the majority of cases, develop into cultures 
noticeably different from the ones which had been filtered. And 
yet some of the typical cultures which were so filtered represent 
the multiplication of single cells isolated by the modified Cham- 
bers micro-manipulator. 

Only two explanations present themselves in an attempt to 
elucidate these facts. Either the pure cultures of Rhizobium 
trifolit produce filterable bacterial forms capable of developing 





248 LOIS ALMON AND I. L. BALDWIN 


into cultures different from the parent, or, invisible bacterial 
elements of one or several contaminating species were picked up 
at the time of isolation of the single cells and multiplied unnoticed 
during the subsequent history of the cultures up to the time of the 
cultivation of the filtrates. 

The evidence presented by the results of the other experimental 
work is scarcely compatible with the second explanation. It is 
difficult to see, for example, why invisible elements of six other 
species of organisms should be so regularly associated with the 
root-nodule bacteria. If these six others are to be interpreted as 
different forms of one, it should be equally easy to conceive of the 
typical form as being related and to call the seven types of cultures 
different manifestations of the possibilities inherent in one species. 

That some, at least, of the six forms are related to one another 
and also to the typical form would seem to be indicated by the 
agglutination tests. 

Also, the ease with which cultures of one or another of the 
aberrant types may throw off one or more colonies of one of the 
other types or become completely transformed into another type 
(as occurred with culture 2-3 in the medium containing dead 
normal cells and with cultures 2-2 and 2-3 in soil) can conceivably 
be interpreted as giving evidence of the interrelationships of these 
forms. A condensation of the results given in the tables concern- 
ing changes in atypical forms shows that 


The normal and white types have arisen from the colorless, non- 
gummy type. 

The white, yellow gummy, brown gummy types and intermediates 
have arisen from the yellow, non-gummy type. 

The yellow, non-gummy type has arisen from the white type. 

The yellow non-gummy, white, and brown gummy types have arisen 
from the yellow, gummy type. 

The white and pink types and intermediates have arisen from the 
brown, gummy type. 

The white type has arisen from the pink type. 


An interesting observation which may or may not be significant 
is that all of the types at one time or another have shown elements 
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of the white type, but that this type itself is rather more stable 
than any of the others. 

In conclusion, it seems desirable to emphasize that although our 
cultures under some conditions have been shown to be unstable 
whether due to changes in the existing organisms or to newly 
acquired dominance of elements hitherto masked does not matter 
—the factors which stimulate the manifestations of instability 
have not been clearly delimited. 


SUMMARY 


1. Six culture types markedly different from Rhizobium trifoli: 
in its typical form have been isolated from cultures of this organ- 
ism under conditions which have reduced opportunity for outside 
contamination to the minimum. 

2. Five of these types have been obtained by the Hauduroy 
method of cultivating filtrates in series on agar plates. Both 
lytic and non-lytic filtrates gave rise to cultures. 

3. Four of the types were obtained by growing single cell 
cultures of the normal organism in a medium previously vitiated 
by the long-time growth of the same or other cultures and freed 
from the primary growth by filtration. 

4. All of the aberrant types have been shown capable of giving 
rise to one or more of the other types. 

5. In two instances, cultures of a colorless, non-gummy type 
have reverted to the normal form and regained their power of 
inducing nodule formation on clover plants. A brown, gummy 
type has given rise to cultures which appear normal but do not 
form nodules. 

6. Agglutination tests indicate some group relationship among 
the various aberrant types and the normal form. 
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I. THE ADAPTATION OF SINGLE CELL TECHNIQUE TO ROUTINE USE 


Single cell methods of isolating bacterial cells as they exist at 
present are neither as exact as they might be nor are they suffi- 
ciently mechanized for adaptation to routine. By way of exam- 
ple, when hundreds of such isolations are necessary, in problems 
concerned with heredity, etc., or when a single cell isolation is 
desirable in the course of a more general problem, the present 
methods are inadequate. They are inadequate because they 
depend too much on individual skill and because the necessary 
apparatus requires too much time and attention to set up. The 
technique at present is too detailed in its application and for that 
reason presents a mental hazard which has resulted in its not 
being as widely used as it might be. If, however, the apparatus 
could be combined into one mechanism specialized for the pur- 
pose of single cell isolation, if the accessory details such as making 
micro-pipettes and isolation droplets could be done by machine 
methods, if in other words the isolation of bacteria could be 
accomplished by machine—if these things could be done, then 
there is no good reason why such a technique should not be more 
generally used. Certainly the accumulated mass of evidence 
for variation and dissociation, as well as the many basic problems 
in heredity, yet to be properly investigated warrant the careful 
study of single cell methods with a view toward routine adopta- 
tion. Whether or not a technique so highly specialized as this 
can be adapted to general laboratory procedures will depend on 
the completeness with which it can be mechanized and in the final 
251 
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analysis, upon the trend that bacteriology will follow and the 
necessity this trend will create for cell selection. 

Because of the difficulty of presenting a problem such as this, 
I wish first to discuss the problem of mechanizing single cell 
isolation and adapting it to routine as well as to present a survey 
of the available literature on the subject for comparison with my 
methods. The second section of this paper will describe the iso- 
lation apparatus; the third, a mechanical pipette puller; and the 
fourth paper will discuss the use of all the apparatus and will also 
include a presentation of an automatic isolation droplet former. 

In the prosecution of the work I have been assisted by Dr. 
Francis J. Wenninger and Dr. Theodore Just, both of the Uni- 
versity of Notre Dame, to whom I hereby make grateful acknowl- 
edgement. Without the help of my father, Mr. Leo A. Reyniers, 
the development of the apparatus would have been impossible. 


Single cell isolation 


Single cell isolation, be it mechanical or semi-mechanical, 
involves three factors: (1) the necessary apparatus, (2) the tech- 
nique used to isolate the cell, and (3) the means taken for remov- 
ing the selected cell to culture. As used in this paper the term 
“semi-mechanical” refers to technique similar to plating or the 
hanging block type of isolation; while ‘mechanical isolation”’ 
implies methods in which a micromanipulator is employed to 
move a minute pipette with which the selected cell is handled. 

The semi-mechanical methods of isolating bacteria in pure cul- 
ture such as were first practiced by Koch involved the use of 
liquefiable solid media to separate the cells; and the cells were 
either trapped in an isolated state as the medium solidified or 
were spread on its surface after solidification. Burri, Hansen 
and others, altered the original technique slightly in that the 
isolated cell was now “‘spotted’’ under the microscope, and was 
allowed to grow into a colony while under direct observation. 
The macroscopically visible colony while under direct observation 
was then removed as a pure culture. Plating based on the trap- 
ping effect of solidifying media which holds the scattered cells 
apart cannot, however, be as surely controlled. The value of 
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the original method consists in its ready adaptability to routine 
and mass work, which is, of course, not possible with these 
modifications. 

While the early modifications of Hensen (1883), H. W. Hill 
(1902) and Burri (1909) were efforts to improve the original tech- 
nique, the later attempts of Hewlette (1918), Holker (1919), 
Hort (1920), Tropley, Barnard and Wilson (1921), Orskov (1922), 
Paine (1927), Schoutens (1921), have been outgrowths for the 
most part, of attempts to improve mechanical single cell isolation 
and at the same time to supply a method easily adapted to routine 
procedures. 

Most semi-mechanical modifications are based on the following 
procedures: (1) The use of a solid medium, (2) the smearing of 
the organisms on the surface of the medium, (3) the “spotting” 
of an organism sufficiently separated from its neighbors, (4) the 
marking of the position of the selected organism, (5) the incuba- 
tion of the organism until a colony is formed, (6) the inoculation 
of a culture tube from the colony. 

Procedures, semi-mechanical in nature, involve the use of 
verniers or markings on the isolation surface for the accurate 
location and relocation of the isolated cell. In this technique the 
cells are separated from one another by smearing a diluted culture 
over an agar surface, or, as in the methods of Burri and Paine, a 
steel mapping pen is filled with a diluted culture and small drop- 
lets are made with it on the agar surface. Once the cell has been 
isolated and its position spotted it may be allowed to multiply 
into a colony or it may be removed directly by taking up the 
cell together with a larger portion of the agar by means of a hol- 
low needle. 

Distinct modifications of the procedures just outlined are those 
of Holker (1919) who uses a flattened glass capillary and of Trop- 
ley, Barnard and Wilson (1921) who kill off all but a shielded 
and selected cell by means of ultra violet rays. 


Mechanical single cell isolation 


This type of isolation involves a direct handling of the indi- 
vidual cell to effect its isolation and culture. It is essentially a 








254 J. ARTHUR REYNIERS 


mechanical method and as used today is virtually the same as 
when introduced by Barber (1904), or as described in the paper 
of Gee and Hunt (1928). 

In considering a technique of this kind for the purpose of mech- 
anization these factors must be considered: (1) the isolator, (2) 
the moist chamber, (3) the isolation instruments, i.e., micro- 
pipettes, (4) the removal of the isolated cell to culture. 

Concerning the isolator. Many instruments have been designed 
for micro-manipulation, but few of them have been designed 
especially for bacteriological work. In some cases of specializa- 
tion, efforts have been made to simplify the isolator as a unit 
but no one has gone so far as to incorporate the accessories as a 
part of the manipulator. As a consequence of not carrying the 
specialization far enough the routine requirements have not been 
fulfilled. Again, isolators have been designed which are deli- 
cately adjustable but here also little attention has been paid to 
the fundamental demands of the problem at hand. If the basic 
idea of single cell work as originated by Barber be called to mind 
it will be seen that it is not the single cell which is handled but a 
droplet of fluid containing the cell and, of course, many times 
larger than the cell. Furthermore, it is unnecessary to make 
more than one isolation droplet in a single field but the fields 
can be changed and the isolation droplets scattered over the 
entire surface of a cover glass which is moved between the pipette 
tip and the objective by a mechanical stage. If these ideas be 
kept in mind it will be obvious that undue attention need not be 
paid to the refining of movement distances but that care should 
be directed to bringing the pipette tip up to an exact point in a 
single checked movement. Once this is obtained in an instru- 
ment, attention may then be directed toward changing the 
pipettes, and refining the control of environmental conditions 
under which the cell is isolated. 

Micro-manipulators have been designed by Schmidt (1859), 
Chabry (1887), Doty (1900), Schoutens (1904), McClendon 
(1907), Tschaoutine (1912), Hecker (1916), Malone (1918), Bishop 
and Tharldison (1921), Chambers (1922), Kahn (1916), Peterfi 
(1923), Taylor (1923), Johnson (1924), Briedigan and Chang 
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(1924), Dunn (1927), Fitz (1931), Emerson (1932), and Reyniers 
(1932). Most of these instruments move the pipette or tool in 
three planes. The exceptions to this, move the tool in one plane, 
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Fig. 1. (A) Diagrammatic Sipe View or Isovator; (B) Tor View or IsoLatTor 

Diagram A. 1/, pipette holder tubing; 2, side-to-side adjustment of pipette tip; 
8, holding post; 4, guide-pin which fits into a slot cut into the pipette he 5, 
plunger sod Ser lowering the pipette tip; 6, adjusting screw for raising or lowering 
the pipette tip; 7, hollow screw in end wall of cradle housing; 8, hinged door over 
changing compartment; 9, moist box; 10, pipette changing compartment; //, 
extensions which fit into the arms of a mechanical stage; 12, microscope stage; /3, 
set screw for holding the clamping post. 

Diagram B. a, thermostat; b, set screw for holding pipette tubing in place; 
c, movement lever for raising the pipette tip into contact with the cover glass; 
d, screw head by which the moist fm ns al cradle is moved from front-to-back of 
the microscope stage; e, screw head for moving the cradle housing from side-to- 
side on the microscope stage; f, arms of mechanical stage; g, screw head for adjust- 
ing pipette tip in the microscopic field; h, tongued guide bar to keep the cradle 
housing in line; i, guides for keeping the clamping post in line when pipette tip 
is being adjusted by screw head g. 


up-and-down as illustrated by the instruments of Malone, Tscha- 
outine, Bridganin and Chang, Doty, Malone and Johnson. These 


instruments achieve movements in other planes by the use of a 
mechanical stage. 
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Strictly speaking, one movement only of the pipette is essential 
to bacterial isolation and that is a movement in an up-and-down 
direction. If this motion is supplied to the isolator independently 
of the microscope stage, a further advantage is gained in that the 
tip of the pipette is at all times centered in the microscope field, 
and the droplets that are formed are always, roughly speaking, 
in focus. Two other movements in the same plane but at right 
angles to each other are necessary to scatter the droplets but these 
may be supplied to the moist chamber by a mechanical stage. 

If the pipettes are mechanically made to the same length and 
to a desired diameter, then the one movement can be derived 
from a checked lever and a single push of the finger. Whatever 
centering of the pipette is necessary can be supplied by move- 
ments whose total sweep is never wider than a microscope field 
and which are never used in the isolation except to center the 
pipette when it is changed. 

The isolation of a single bacterial cell may be effected mechani- 
cally in four different ways: (1) in hanging droplets, i.e., the 
method of Barber, (2) by separation of the cells as they lie scat- 
tered on an agar surface, which is accomplished by forming a 
cone of moisture around them (method of Dickinson, 1926), (3) 
by touching the isolated organism with a dry needle, (4) by a 
combination of semi-mechanical principles. 

Now, in any mechanical single cell isolation a moist chamber 
is necessary to prevent drying of the isolation droplets. The 
success of the method also depends upon the clearness with which 
the isolated bacterium can be defined in the isolation droplet 
and finally upon the ease and certainty with which the isolation 
droplet and cell can be removed to culture. Certain physio- 
logical considerations pertaining to the bacterium must be kept 
in mind and such environmental effects as oxygen tension, mois- 
ture and temperature should be controllable. These factors can 
be more or less completely controlled with apparatus of the proper 
design. 

The methods I offer for mechanizing single cell culture are 
essentially those of Barber but specialized in every detail, so that 
their application is purely mechanical and more exact. Before 
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mechanical single cell isolation methods could be adapted to 
routine, many considerations, both mechanical and physiological 
had to be taken into account. To effect this purpose the follow- 
ing steps were taken: 


(1) Micro-pipettes. These are made mechanically on a pipette 
puller and are drawn to a uniform size and shape. 

(2) Isolation droplets. These are made automatically, are per- 
fectly flat with well defined edges and are mechanically 
spaced. An isolation surface of this type requires no skill 
to use. 

(3) Micro-manipulator. This is controlled by checked levers 
which are operated by a single push. 

(4) Moist chamber. This is incorporated as a part of the manipu- 
lator and is interchangeable so as to permit many experi- 
ments to be carried out on the same machine. It is 
electrically heated and automatically controlled at a set 
temperature. It is never exposed to the atmosphere even 
when the pipettes are changed which permits an accurate 
control over environmental conditions such as moisture, 
temperature, and oxygen tension. 

(5) Pipette change. This is simplified by a new type of adaptor 
which allows the pipette to be accurately set in place so that 
it is always in line with a predetermined position. 

(6) Isolation surface and droplet formation. Surfaces other than 
the automatic type may also be prepared by machine. 


In the specialized technique the pipette is moved in a single 
direction (up-and-down) and is controllable by an adjustable and 
accurately checked lever. Since the pipettes are made by ma- 
chine the tip is accurately in line with the shaft and when such 
pipettes are mounted in their adaptors very little centering in 
the microscope field has to be made. By controlling the pipette 
with a lever and moving it in one plane only the tip is always 
returned to the same point and is, at this point, always in focus. 
The two movements necessary to expose the different areas of 
the isolation surface are accomplished by a mechanical stage 
which may also be moved by levers. Such problems as constant 
temperature, oxygen tension, etc. were solved by devising a 
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moist chamber which is enclosed at all times and is electrically 
heated. Better optical conditions for defining the isolated cells 
are obtained by flat droplets. Pipette replacement is simple, 
sure, and does not involve sealing in with special wax or cement. 


II. A SPECIALIZED SINGLE CELL ISOLATOR FOR USE IN 
BACTERIOLOGY 


Repeated attempts to overcome the difficulties attendant on 
mechanical isolation of single bacterial cells have shown that 
these can be successfully conquered only when the entire process 
is made automatic. Any apparatus designed for such isolations 
must take into account the use of limited checked movement dis- 
tances as well as all accessory details. For instance, my appa- 
ratus of 1932, while undoubtedly simplifying the procedure in 
volved in single cell isolation, lacks refinement for specialized 
work. It wants certain accessories necessary for routine work, 
and for unifying the entire technique. So essential an accessory 
as, for example, an enclosed moist chamber is lacking. As a 
consequence, environmental factors cannot be controlled. 

The machine here described is designed for handling small par- 
ticles, and incorporates all the essential features demanded by 
routine work. It is so constructed that, once it is adjusted, the 
action is initiated by the mere push of a button. The entire 
action is automatic. 

A moist chamber, enclosed at all times even during the changing 
of a pipette, and warmed by electricity, effects the exact control 
of moisture and temperature. It is so constructed that it may 
be removed and its contents incubated while another moist 
chamber is substituted in its place. This construction allows 
the closest possible control of environmental conditions and per- 
mits a number of separate experiments to be carried on and ob- 
served at the same time. Other details, such as the making and 
mounting of pipettes, have been considered with an eye to facili- 
tating the technique. 

The manipulation of this compact apparatus requires no par- 
ticular skill on the part of the operator, other than the ability to 
recognize an isolated cell. The simplicity of the apparatus as well 
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as the rapidity and ease of its operation should recommend its 
use to technicians in general. 

In the construction of an instrument for specialized single cell 
isolation, the following details demand careful consideration: (1 
The change of pipettes, (2) the attachment of the pipette to the 
adaptor, (3) the making of uniform pipettes, (4) the changing of 
cover slips, (5) the enclosure and heating of the moist chamber, 
(6) the removal of the cell to culture, (7) the preparation of isola- 
tion surfaces, (8) the lighting of the isolation droplet, (9) the 
adjusting devices which center the tip of the pipette in the field 
under the high powers of the microscope, (10) the raising of the tip 
of the pipette into contact with the isolation surface, (11) the 
formation of micro-droplets in which the cells are isolated. 


By, scription of the apparatus 


For convenience in description the apparatus is divided into 
these parts: (1) The housing which carries the moist chamber 
cradle, (2) the moist chamber cradle, (3) the moist chamber, (4 
the pipette system, (5) the stage upon which the isolator is moved, 
(6) the pipette adaptors, (7) heating the moist chamber, (S 
mechanical action of the isolator. 

1. The cradle housing. This housing (fig. 2, diagram B) is 
built in the form of a box with sides one-half as high as the ends 
and without roof or floor. A partition is built } inch in from each 
end and acts as a support to the side walls as well as a guide for a 
moving block. This block is } inch thick and is as high as the 
partitions but } inch less in width. It is made to carry the pipette 
system and to act as one of three centering devices for adjusting 
the pipette tip. Movement is imparted to the block by a lead 
screw anchored to the side wall of the cradle. To insure accu- 
racy of movement the block is guided in a straight line by four 
pins, two on each side of the block. 

2. The moist chamber cradle. The cradle (fig. 2, diagram B) is 
built to move from side-to-side, inside the housing. It is con- 
structed in the form of a box and incorporates a replaceable moist 
chamber as well as two pipette-changing chambers. The moist 
chamber fits into the center of the cradle which is cut out to 
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admit it. When the moist chamber is in place two compartments 
are formed on either side of it. These compartments are roofed 
with small, closely fitting, trap doors which open upward. The 
ends of the cradle are cut out to admit the pipette holder. The 


7 ; 





Fic. 2. (A) Enses & View or Spectauizep [soLcator; (B) Detrait or Mope! 
Diagram A. * s a laboratory model from which the insulation has been 
removed to show construction 
Diagram B. 1, moist chamber taken apart to show inner and outer shell; 2 
moist chamber cradle; 3, moist chamber housing and pipette system; 4, stage of 
isolator 
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floor of the cradle extends out on either end and when the cradk 
is in place pass under the end walls of the housing. ‘This cradle 
must be accurately machined to fit the inside of the housing so 
the sliding fit is air tight but smooth in action. 

3. The moist chamber. The moist chambers may be built in 
two forms, i.e., square or round. The box type of chamber fits 
smoothly into the ways cut for it in the inside of the moist cham 
ber cradle. It is as high as the cradle but one-third as long. ‘The 
ends are cut out to admit the pipette holders. These openings 
may be closed off by sliding doors which fit into grooves cut in 
the sides of the moist chamber. In an earlier model of the iso- 
lator these doors were made to operate from the top instead of 
from the sides of the chamber but proved to be unsatisfactory 
when operated in this manner. The floor of the chamber is 
covered with mica which is fastened into place by a frame screwed 
tight to the bottom of the chamber. The roof of the chamber, 
which is in most instances also the isolation surface, is also held 
in place by a frame. Two pipes which screw into the side walls 
of the chamber can be used as gas inlet and outlet pipes. 

The cylinder type of moist chamber consists of two pieces of 
brass tubing, one fitting snugly inside the other. Slots are cut 
through both cylinders. The inner cylinder is a bit longer than 
the outer cylinder and the shoulder formed by this construction 
permits the moist chamber to be fitted into the bottom of the 
cradle. In order to close the moist chamber it is necessary to 
revolve the outer cylinder until the slots are covered. The roof 
and floor of the chamber are held in place by a cap which fits 
snugly over the shoulders formed on the top and bottom of the 
evlinder. Pipes for gas control may also be built into the 
chamber. 

4. Pipette system. The pipette system consists of a centering 
mechanism and a lever for moving the pipette tip to a point in a 
single checked motion. Two types of pipette systems are shown 
in the model pictured in figure 3. One is based on a ball-and- 
socket principle and moves the pipette tip in an are. The oppo- 
site movement works in straight lines. The ball-and-socket type 
of movement has proved to be unsatisfactory because of the 
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complexity of its mechanism when it is properly corrected. For 
this reason it will not be described in this paper. 

The straight line type of movement system (fig. 1) is used on 
both sides of the isolator. This system is built into the end of 
the housing by drilling a ‘‘eylinder hole’ in its middle. The 
upper end of the hole is threaded to take a hollow screw. The 
lumen of the serew is threaded and admits a second, smaller and 





Fic. 3. ENSEMBLE View or LABORATORY MODEL OF THE SPECIALIZED SINGLE CELI 
ISOLATOR 


longer, hollow serew in which is fitted a plunger rod. The second 
hollow screw presses against a cylinder bearing which in turn is 
pressed against a spring. A piece of tubing is passed through the 
center of this bearing. In order to cover the elongated slot which 
must be cut through the walls of the cylinder hole to permit move- 
ment of the pipette sleeve, a flat plate is fastened to this sleeve. 
Guides are fastened to the outside of the end wall to keep this 
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plate close to its surface and to form an air-tight joint. The 
cover plate and the guides are made of steel so that the closest 
possible lapped fit may be made. If the guides are shimmed up 
to compensate for any uneveness in the sliding fit by tightening or 
loosening the screws which hold them in place. This arrange- 
ment also allows the guides to act as gibs to the cover plate. 

The up-and-down movement is initiated by a lever which is 
fastened to the plunger rod and permits this rod to be easily and 
quickly worked. A clamping post, fastened to the stage of the 
isolator, holds the pipette holder in place. This post is a small, 
hollow, cylinder, open at the top and having three elongated slots 
cut in its walls. Its base is square and fits between two guide 
bars so that the clamping post can be moved from front-to-back 
on the stage. It can be clamped to the stage by means of a set 
screw. A ball is fitted into the cylinder and acts as a bearing. 
This ball is bored out to permit the pipette holder to be passed 
through it and is also fitted with a set screw for clamping the 
pipette holder in place. A specially made nut is screwed over the 
end of the holder tubing and presses against the clamping post. 

The action of this system takes place in straight lines. The 
adjusting screw for the up-and-down movement is in the end wall 
of the housing. The front-to-back movement is made with the 
lead screw in the side wall of the housing. The side-to-side move- 
ment is accomplished by moving the nut on the pipette holder 
tubing. These three adjustments supply the necessary centering 
motions. The mechanism for raising the pipette tip into contact 
with the cover glass is a plunger rod which is worked by a lever and 
fits through the up-and-down adjusting screw. 

5. The stage. The stage (fig. 2, diagram B) is made of two 
brass plates which are bolted together. The upper plate acts as 
the surface upon which the isolator is moved and must be per- 
fectly smooth. A hole is cut in the center of the stage to admit 
light. The moist chamber passes directly over this hole. Since 
the housing must be moved in one direction only, side-to-side, 
two-tongued, guide bars are placed parallel to each other and 
the exact width of the housing, apart. The tongued part of the 
guides fit into slots milled into the side walls of the housing. 
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The stage should be made interchangeable with the one usually 
found on a microscope. 

6. Pipette mounting. The pipettes used with this isolator have 
short tapered points. They are made mechanically on an elec- 
trically heated pipette puller to a uniform size. Because such 
exact mechanical requirements are necessary to this apparatus 
the usual manner of mounting the pipettes cannot be satisfac- 
torily used. 

The adaptor on which the pipette is mounted is made from a 
piece of 16-gauge hypodermic wire bent to a modified U shape 





5+) 
Fig. 4. (A) Piperre Apaptror; (B) Detar, or Apapror SHowinG Pipette 
SEALED IN PLACE 
Diagram B. 1, pipette wall; 2, 27 gauge hypodermic wire; 3, vaseline or paraf- 
fin seal; 4, wall of 18 gauge hypodermic wire; 4, solder. 











(fig. 4, diagram A). One arm of the U is bent to fit into a threaded 
cap which screws on the tube-like pipette holder. The other 
arm of the U is cut off short and a piece of 27-gauge hypodermic 
is soldered into it so that } inch protrudes from the larger tubing. 
The hypodermic wire is easily bent to shape over a Bunsen flame. 
A number of these adaptors may be made and sterilized in a 
petri dish. 

Specially constructed forceps may be used for handling the 
pipettes more conveniently. These forceps are curved at the 
tips and have two pivoted, grooved, jaws fastened between them. 
A clamping device is incorporated in the forceps which when set 
will hold the pipette in place without pressure from the fingers. 
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A pipette may be mounted in the following manner: It is cut 
to length (} inch) and placed between the grooved and pivoted 
jaws in the forceps. The clamp on the forceps is set to hold the 
pipette firmly. A bit of vaseline or melted paraffin is touched 
to the base of the fine needle in the U-shaped adaptor. ‘The 
pipette based is warmed slightly and placed over this fine needle. 
The sealing substance at its base runs up a short way into the 
pipette, sealing it very effectually without danger of contamina- 
tion either by bacteria or by the substances in the seal used. 

7. Heating the moist chamber. Heating is accomplished elec- 
trically by means of coils placed between the two brass plates 
which make up the stage. Since the correct winding of these 
coils, together with a certain amount of difficulty in adjusting the 
coils to the apparatus, is a matter for one skilled in such work, 
it is best to have the apparatus wired at some electrical supply 
house. 

Coils, used for this purpose, are wound on sheets of mica or 
other insulator. Temperature is controlled by a small thermo- 
stat such as is used on microscopic warming chambers and which 
is mounted on the upper surface of the stage. The exposed sur- 
faces of the stage and moist chamber are insulated with thin 
strips of cork. With this arrangement the temperature can be 
controlled to within 0.5° to 0.75°C. It has been suggested to me 
that a more accurate control of temperature could be obtained if 
the heating units were wound directly around the moist chamber 
or its housing. The method for heating the moist chamber as 
used in my present apparatus dissipates too much heat by uneven 
heating of the brass parts and, since it is practically impossible 
to make many of the moving parts from copper, the temperature 
cannot be controlled accurately enough for the closest work. 

8. Mechanical action of the isolator. Movement, other than 
that in a vertical plane, is supplied to the isolator by a mechanical 
stage. The arms of such a stage are fitted closely to the exten- 
sions which form a part of the base or floor of the moist chamber 
cradle. Any movement of the stage from side-to-side moves the 
housing and the moist chamber in a straight line. A movement 
from front-to-back moves only the moist chamber cradle and 
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allows the housing to remain stationary. The action is basically 
that of a cross slide principle. Since the pipette holders are held 
stationary by the clamping posts no movement results in the pi- 
pette tip when the housing is moved. Because the pipette holder 
is fixed in the housing which does not move when the cradle is 
worked, the pipette tip is again held immobile. The mechanical 
stage which imparts such movements may be worked by a rachet 
and pawl if accurate spacing of the moist chamber is desirable. 
Other motions imparted to the pipette tip by the centering and 
raising devices have already been described elsewhere in this 
paper. It should be needless to say that the satisfaction obtained 
from an instrument of this type is directly proportional to the 
care with which it is made. 


III. AN APPARATUS FOR MECHANICALLY CONSTRUCTING GLASS 
MICRO-PIPETTES AND CAPILLARY GLASS TUBING 

Glass micro-pipettes with openings of five micra or less have 
been used successfully for the isolation of single bacterial cells. 
They have also proved to be satisfactory instruments for handling 
small droplets of culture containing the bacterial cell, when em- 
ployed in a specialized isolator such as that described above. 
These pipettes are generally made by hand over a micro-flame—a 
procedure that requires a certain degree of skill and which is, 
therefore, an objection to mechanical single cell isolation. Any 
one can, with some practice, turn out pipettes by hand. But 
these products will always vary in size at the tip so that only a 
limited number of pipettes are usable at all. Hand-made pipettes 
for this reason are useless in specialized isolation where mechanical 
conditions are constant. A pipette for use in a specialized iso- 
lator must be straight, the tip must be in line with the shaft, the 
size of the lumen must to some extent be predetermined, and the 
tip opening must be smooth. Furthermore, if mechanical single 
cell isolation is to become a routine procedure the making of isola- 
tion pipettes or needles must become mechanical so that their 
manufacture will not demand too much skill or attention on the 
part of the operator. 

In this paper is presented a simple and inexpensive apparatus 
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for mechanically making micro-pipettes, needles, and capillary 
tubing of glass. The apparatus is easily controlled and, if prop- 
erly regulated, will turn out pipettes of any desired diameter and 
shape. While the apparatus is intended for specialized isolation 
with the instrument described in this paper, it can be successfully 
used in other micrurgical procedures where fine points are desired 
If it is built larger and with specially constructed heating units 
it can be used for making capillary tubing. 

The literature on micrurgy, so far as I know, records but three 
published attempts for drawing isolation pipettes mechanically. 
One method is described by Chabry (1887), another by S. L. 
Schoutens (1907), and a third by DuBois (1931). But, while 
these instruments seem to be satisfactory for certain purposes they 
are either too difficult to manipulate, or too complex of construc- 
tion, or not accurately controllable. 

The manufacture of micro-pipettes mechanically involves a 
consideration of these factors: (a) The source of heat, (>) the 
area of glass wall heated, (c) the diameter of the glass tubing from 
which the pipette is to be made, (d) the distance through which 
the pulling force acts, (e) the strength of the pull exerted, and (/ 
the length of time for which the heat is allowed to act before the 
pull is started. 

In the apparatus described in this paper the source of heat is a 
small platinum or nichrome wire coil. The area of glass wall 
heated depends on the temperature of the coil and the strength of 
the pull. The temperature of the coil is controlled by a rheostat 
and the timing of the pull by the amount of heat and weight ap- 
plied. An apparatus such as is here described is designed to pull 
capillary tubing not greater than 10 mm. in outside diameter. 
By using a different set of clamping jaws and making the appa- 
ratus larger it can be used for drawing out any size glass tubing 


or rod. 
Description of a mechanical pipette puller 


The apparatus described in this paper (figs. 6 and 7) consists of 
a frame made from a single length of cold-rolled steel on which 
two arms of brass are fixed with a heating element between them. 
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The upper arm, designated as A (fig. 7), is fixed to one end of the 
support rod while the lower arm, B, can be moved up-and-down 
the rod. 





A B C D E 


hic. 5. DirrerReENT Types or Pipetres Propucep ON MECHANICAL PULLER 

A, slow heat, light pull, one turn coil; B, slow heat, light pull, two turn coil; 
(, slow heat, light pull, one turn coil, pipette made in two pulls; dD, high heat, 
heavy weight, one turn coil; £, slow heat, medium weight, one turn coil 





Fic. 6. SHowrnG Laporatory Mope.t or PULLER with A Licgut BuLB FILAMENT’ 
Usep To Suprort THE HEATING Coll 


The supporting rod has a groove milled along its entire length 
and is fitted into a brass plate which is used to mount the instru- 
ment to the desk top. The fixed arm, A, has a jeweler’s pin-vise 
fitted into one end of it. These pin-vises are little three-jawed 
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chucks that jewelers or machinists use to hold small brooches, 
files, or fine wires. The jaws are opened or closed by screwing a 
































Fig. 7. DiaGramMatic ENSEMBLE VIEW OF MECHANICAL PipeTTeE PULLER 

1, stationery pin-vise; 2, capillary glass tubing; 3, heating coil; 4, pin-vise; 4, 
check collar; 6, pulling arm; 7, adjustable collar to regulate the pull distance; 8, 
weights; 9, stationery arm A; /0, support rod; //, adjusting screw for heating coil; 
12, adjustable arm B; 13, set screw; 14, set screw for coil centering mechanism; 
15, base attached to table top. 


tapered collar over them. Usually a vise of this nature has to 
have a hole drilled through it in order that a long length of glass 
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capillary may be fed into it from the back end, and clamped at 
different lengths. 

The movable arm, B, is a bar of brass the same size as A, but 
it can be moved up and down the supporting rod and clamped 
at different distances on it. One end of the bar is drilled to fit 
the supporting rod and a small stud of steel, the exact thickness of 
the groove in the supporting rod and as wide as the groove is 
deep, is fastened to the inside. This stud keeps the moving arm 
in line with the stationary arm. A set screw is fixed on one side 
of the moving arm to hold it in place by pressing against the sup- 
port rod. The pulling arm, which slides through one end of arm, 
B, is made from a piece of steel rod and has a hanger plate screwed 
to its end. This arm should slide through a polished steel or 
brass bushing fixed in arm, B. 

One end of the pulling arm is drilled out and a pin-vise fixed 
in place with a set screw. To check the movement of the arm a 
movable collar is placed on the rod between the pin vise and the 
upper surface of arm B. Another wider set collar is placed on the 
pull rod between the weights and the under surface of the sta- 
tionary arm. The pulling arm may be graduated. When the 
larger collar is fixed a certain distance below the arm B, the 
pulling distance is regulated and the collar allows it to be accu- 
rately checked. 

The weights used on the pulling arm are made in the form of 
disks. When several weights are hung on the arm there is a tend- 
ency towards jarring when the arm is checked suddenly. To 
prevent this jarring from breaking the capillary tip a set collar 
may be made to press against the disks. 

It is important that the centers of the two pin-vises be exactly 
in line with each other and that the pulling arm move in a straight 
line. For timing the pull it is likewise important to have the 
pulling arm slide smoothly and evenly through the bushing. 
Pin-vises have been found the only satisfactory means of holding 
the capillary tubing from slipping. If these vises are accurately 
made they will hold, safely and securely, glass tubing as fine as 
a hair. 
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Heating element 


Gas micro-flames are useless in this work because they cannot 
be accurately regulated. Since heat must be applied equally all 
around the glass capillary tubing in order that the point be in 
line with the shaft, a small platinum or nichrome wire coil was 
substituted for the gas flame. The coil can be made from any 
gauge wire but I have found an 18-gauge most satisfactory. 
These coils are made by winding the wire around an } inch rod. 
Coils of a smaller diameter are unsatisfactory because the capil- 
lary tubing tends to touch the sides of the coil and fuse with it. 
For all practical purposes a coil of more than one turn is seldom 
necessary. 

Two types of mounting are shown in this paper. The one made 
from an electric light filament (fig. 6) can be easily made in the 
laboratory but is not quite so accurately mounted as that shown 
in figure 7. 

If an experimenter desires to construct his own elements he 
may do so by winding the coils on a rod and mounting them in 
the elements of an electric light bulb of the long necked type. 

The glass is carefully cracked away and the filaments as well 
as the glass rod supporting the filaments are removed. This 
leaves two supporting wires which are fused into a glass tube and 
onto a brass thread base with which the bulb is screwed into a 
light socket. The coil is mounted across the supporting wires 
by bending the wire and pinching it tight. Several such bases 
may be prepared with coils varying in diameter and in number 
of turns. 

When used as a heating element the bulb is screwed into an 
electric light socket supported by an iron stand (fig. 6). The 
base of this stand is fastened to the table top near the pulling 
apparatus and the coil centered between arms A and B and in 
line with the center of the pulling vises. A rheostat is shunted 
into the electric line between the coil and the current outlet, and a 
spring switch is used to make or break the circuit. This arrange- 
ment permits control of the temperature as well as the time 
through which the heat is allowed to act. Since the tiny coil 
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cools quickly once the current is switched off the pull may be 
accurately controlled. 

The coil mounting shown in figure 7 is more accurately made 
and more easily adjusted. It has the further advantage of allow- 
ing the coil to be changed quickly. The wire coil is sealed into 
pieces of glass tubing and fastened into a fiber base which has 
two brass pronges in it. This fiber base is plugged into a socket 
which fits on the support rod and which is adjustable by a screw 
in one direction and by swinging it from right to left in the other 
necessary directions. 


Shapes of isolation pipettes 


The shape of an isolation pipette is determined to some extent 
by the purpose for which it is intended. Figure 5 shows a series 
of pipettes designed for micrurgical work. For single cell isola- 
tion and particularly with specialized apparatus, it is necessary 
to have the point of the pipette taper to its smallest diameter in 
a very short distance from the capillary tubing in order to conserve 
space and to give ridigity to the pipette. Generally speaking, 
these short pipettes are also satisfactory for other micrurgical 
work unless the mass to be penetrated is relatively large and 
requires a longer shank. The opening or mouth of the pipette 
must be smooth and not jagged, in order that the forces of capil- 
larity may be utilized to the best advantage in forming the iso- 
lation droplets. 

This apparatus can be regulated so that it will turn out pipettes 
of any desired shape, i.e., with a longer or shorter shank and a 
point which may taper out or be abrupt. The apparatus is 
usually set to make a pipette with a single pull. A pipette made 
in a single pull and with a “‘slow temperature” will take the shape 
shown as £ in figure 5. The end will be fire polished and squared 
with the shaft, or it will be capped with a minute cone of fused 
glass, depending entirely upon the choice of the operator. The 
opening can, of course, be regulated by adjusting the pull distance 
and weight. A pipette answering this description meets all the 
requirements of single cell isolation and most of the requirements 
of cell injection. Pipettes of a very large diameter when made 
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on this machine will not, of course, part in the center. Such pi 
pettes can be broken satisfactorily by nicking the sides of the 
capillary tubing with a very fine oil stone. One investigator, 
M. Belkin (1928), has devised a micro-guillotine to cut capillaries 
squarely. This could possibly be used to advantage for this 
purpose. 


U'se of the apparatus in making isolation pipettes 


Capillary tubing is made by drawing out pieces of larger glass 
tubing over a wing-top Bunsen flame. Since the lumens of these 
capillaries run in ratio to their outside diameters and the outside 
diameters of the larger tubing it is easy to select tubing of a cer- 
tain size by passing it though a wire gauge plate. Graded eapil- 
lary tubing may be kept on hand by storing it in longer pieces of 
glass tubing well stoppered. Capillary tubing made by hand 
over a Bunsen flame has one disadvantage in that it tapers and 
is not of a constant diameter for any length. A more satisfactory 
tubing can be made with a large model pipette puller of the same 
design as the smaller model described in this article. However, 
by the use of a gauge plate it is fairly easy to select pieces of almost 
the same diameter. In making the pipette the following steps 


are necessary: 


1) The set serew in arm B is loosened and the arm pushed up the 
supporting rod to within 2 inches of arm A 

(2) The heating coil is lined up with the centers of both pin vises 
and at an equal distance between them 

(3) A piece of capillary tubing is selected and is pushed through 
the fixed pin-vise in arm A and into the pin-vise on the pul- 
lingarm. The pin-vise in the pulling arm is tightened 

(4) The pull distance is pre-determined and the large collar under- 
neath arm B is moved down the pulling rod until it is at 
the required distance when it is fixed in place 

(5) The set screw in arm B is loosened and the arm moved against 
the previously set collar. 

(6) Current is turned into the coil and is shut off as soon as the 
pulling arm starts to move freely. If the pipette is made in 
one pull and the factors of weight and distance have been 

accurately calculated the result will be two pipettes. The 
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pipette in the pulling arm will have a longer shank than the 
one in the fixed arm. 

7) Both pipettes are removed and broken off to the proper lengths 
by touching the side of the base with a very fine grade oil 
stone. 





hia. &. (A) Micro-pHoTroGRAPH OF A PIPETTE MADE ON THE MECHANICAL 
PIPETTE PULLER, 500; (B) Tip or PipeETTE SHown 1N (A), X 1,200 


Diagram A. Pipette tip filled by capillarity shown asa light area at tip. Note 
symmetry 


Diagram B. Dye filled tip of pipette shown as dark area 


Factors to be considered in making capillary pipettes 


Figure 8 shows the type of pipette made with this machine. 
Making these pipettes is largely a matter of experience in knowing 
the results that may be expected from a number of contributing 

















STUDIES IN MICRURGICAL TECHNIQUE 


factors. The following short discussion may be of assistance to 
the operator. 

The lumen diameter at the tip of an isolation pipette is depend- 
ent on these factors: (a) The weight or force of the pull, (b) the 
length of the pull distance, (c) the degree of heat supplied from 
the coil. 

These factors vary with the size of the capillary tubing. An 
increased wall thickness, for instance, will require an increase 
in weight of pull and the time through which it acts if the heat is 
kept constant. ‘Timing is an important factor in determining the 
size and shape of the capillary. With this instrument the timing 
is automatically regulated by the force of the pull which acts 
constantly for the same degree of heat and the same size tubing. 
If the heat is kept constant, the timing of the pull will vary with 
different sizes of capillary tubing. If the weight is increased in 
proportion to the diameter of the capillary tubing the heat may 
remain the same. The more weight added for the same heat, the 
quicker will the pull act and the more needle like and pointed 
will be the resulting capillary. If the weight is increased too 
much the pipette breaks before it forms into a point. 

It is best for practical purposes to keep the heat “slow” for 
any weight. If the heat is “high” and the weight light the result 
is a pipette which does not point but tends to draw out to a hair 
with very fine walls. The same is true if the heat is high and the 
weight heavy since the tendency is to draw out the glass into a 
hair-like process. This tendency is readily explained when one 
considers that the capillary tubing starts to soften from the out- 
side toward the lumen in the form of a cone with the apex toward 
the lumen and that the acting weight tends to taper the capillary 
tubing from the outside inward giving a decreasing wall thickness 
and shape as shown in figure 8. If the heat is high the apex of 
the cone is wider and the tendency is a more gradual decrease in 
lumen diameter and outside diameter. The result is a hair-like 
process. 

The pull distance is a factor in drawing capillary tubing. By 
setting the distance so that the capillary does not have a chance 
to point, any size capillary tubing can be obtained. Thus in 
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making a pipette with a long shank and a short point the pull 
distance is set short, the finer part of the capillary is formed, 
the coil moved to the center of the finer capillary and the point 
drawn on. By properly regulating pull distance and keeping the 
factors of heat, weight, and capillary tubing constant, pipettes 
with a constant size opening may be made and the result predicted. 

A glance at the table of actual settings and results may give 
the reader a better understanding of the problem. 

















TABLE 1 
Mechanically made micro-pipettes 
y LENGTH or | PIPETTE DIAMETER CAPILLARY TUBING 
WEIGHT OF DISTANCE | RHEOSTAT | PIPETTE ————— —_—— —_——_ 
PULL OF PULL | SETTING SHANK | Inner Outer | Inner | Outer 
grams | mm. mm. | m “a | mm. — 
226.1 7 mm. 55 | 4 | 0.012 | 0.023 | 0.710 | 1.077 
226.1 8 mm. 5.5 3.5 ‘ 0.0007 | 0.703 | 1.074 
226.1 5 mm. 5.5 | 3.0 0.0958 | 0.071 | 0617 | 0.915 
226.1 lcm. 5.5 3.0 * 0.0007 | 0.718 | 1.08 
226.1 5 mm. 5.5 3.0 0.062 | 0.085 | 0.711 | 1.09 
246.5 | lem. 5.5 Soe * | 0.585 | 0.762 
246.5 1 cm. 4.2 Did not part to a point | 0.607 | 0.904 
178.9 1 em. 5.5 2.0 * 0.0007 | 0.722 | 1.10 
113.5 7 mm. 5.5 40 | 0.021 0.035 | 0.681 1.00 
52.5 1 em. 4.0 0.1 | 0.0004} 0.001 | 0.426 | 0.639 





at the end and could be filled by capillarity. The measurements given in table 1 
were selected at random from experimental data obtained from many trials. The 
coil used throughout these experiments was made from 20 gauge nichrome wire 
wound once around a rod } inchin diameter. The lower number rheostat readings 
indicate a higher degree of heat. 


IV. THE TECHNIQUE OF ROUTINE SINGLE CELL ISOLATION 
AND CULTURE 


Specialized mechanical single cell isolation and culture can be 
adopted to many problems in bacteriology where a pure strain of 
bacteria is desirable. The various steps for accurately carrying 
out such isolations are not the same in all problems. They vary 
slightly with the material from which the isolation is made as well 
as with the organism which is to be isolated. In order to appre- 
ciate the fullest possibilities of this technique, its basic factors 
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must be considered. Accordingly, then, it is the purpose of this 
paper briefly to consider some of these factors as well as to 
describe the use of the specialized apparatus. 

These factors are concerned with single cell isolation and cul- 
ture: (1) The moisture conditions within the moist chamber, (2) 
droplet formation and preparation of the isolation surface, (3) 
the lighting and definition of the isolated bacterial cell, (4) the 
preparation of the isolation medium. 


The moist chamber 


The purpose of a moist chamber is to prevent evaporation 
changes from taking place in the isolation droplet. To effect this 
purpose the interior of the chamber must be saturated with 
moisture. Saturation depends on the temperature of the chamber 
and upon its being entirely enclosed. Any opening in the cham- 
ber admits the possibilities of changes in the interior. Successful 
isolation depends, in many instances, on the prevention of any 
change in the isolation droplet no matter how small. There are, 
however, several objections to enclosing a moist chamber entirely 
for any length of time. For instance, when a grease film is used 
to form the isolation droplets, as well as to collect the moisture 
of the chamber as a dew, there is a tendency toward the dilution 
of the isolation droplet followed by a certain amount of spreading 
and loss of outline. This condition is rectified by the use of a new 
type of isolation surface and with it a construction permitting 
enclosure and a regulated temperature, can be successfully in- 
cluded in the design of the specialized isolator. 

Saturation may be supplied to the chamber from pads of porous 
material previously saturated, from agar barriers or droplets 
(Barber, 1914), or from pads of unglazed porous porcelain 
(Peterfi, 1927). The material used makes little difference in the 
results obtained although the porcelain plates are more satisfac- 
tory because they can be mounted and handled more easily. 


Isolation surfaces 


The type of isolation surface used, varies with the source of 
material and the purpose of the isolation. Generally speaking 
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it must be: (1) Perfectly flat, (2) free from débris, (3) thin and 
transparent, (4) easily prepared in a routine fashion, (5) able to 
maintain the isolation droplet without permitting it to spread, 
(6) able to support the isolation droplet in a flattened state. 

These requirements can be more or less satisfactorily met by 
spreading a thin film of oil on a cover glass. A new type of isola- 
tion surface which I have invented, forms an exception to this 
in that it is opaque and utilizes no surface film. The successful 
routine use of the ‘‘film” surfaces depends to a great extent on a 
proper attention to details of depositing the film. Both the film 
surfaces and the newer ‘“‘cell’’ surfaces have their uses and neither 
method can replace the other for certain work. Furthermore, 
several types of isolation surfaces may be advantageously com- 
bined to serve a special need. The failure in the past to specialize 
the surface to the work and to combine advantages of a non- 
mechanical with those of a more mechanical nature accounts to a 
certain extent for the failure to use single cell methods more 
widely. 

Isolation films may be prepared from grease, oil, agar, collodion, 
or some substance non-miscible with water. A film may be put 
down by rubbing, by flowing the material over the surface of a 
cover glass, or by depositing it from a solution. The details of 
cleaning cover glasses and of applying a grease film are well 
described by Gee and Hunt (1928). It should be remembered 
that throughout such a preparation the materials used must be 
free from dust or dirt. If vaseline is used for the purpose it is 
best to buy it in metal tubes because such a receptacle prevents 
the contents from becoming soiled. 

The usual grease film is put on a cover glass by polishing off 
the excess grease. To polish and distribute the film I use a motor 
driven polisher made from a small toy motor. The polishing disk 
is mounted on the motor shaft so that it revolves parallel to the 
table top. A base of washed chamois skin is drawn tightly over 
the disk and a wiping surface of two or three thicknesses of 
washed crepe silk is stretched over this base. Metal bands or 
string may be used to bind the wipers in place. The wiping 
surface must be free from wrinkles and tightly stretched. It 
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must be changed frequently and when not in use can be covered 
with a petri dish to protect it from dust. 

A grease film is put on a cleaned cover slip as follows: The 
cover glass is removed from the storage jar and is wiped dry 
between several layers of grease-free, washed, silk. The cover 
slip is laid flat on the silk and a bit of vaseline is touched to its 
surface with a dauber, made by winding several layers of silk 
around the end of a swab stick. If there is an excess of grease it is 
removed with a clean dauber. The cover slip is polished by hold- 
ing it film side down on the polishing disk. It is held in place 
with the fingers which are covered with several layers of silk. 
After it is polished the cover glass is flamed, film side down, over 
a Bunsen flame. Flaming must be done quickly so that the 
grease has no time to be burnt or crystallized. Isolation surfaces 
prepared in this manner are quite uniform. 

Agar films. The chief advantages of an agar film are the pro- 
tection it affords an isolated cell, the arresting of motility, the 
opportunity it offers to cultivate a cell in situ, and the ease with 
which the material containing the cells can be spread over its 
surface. The disadvantages are the difficulty of obtaining a per- 
fectly flat surface, removal of the isolated cell to culture apart 
from the isolation surface, the preparation of an agar which is 
granule free, and the difficulty of obtaining films thin enough to 
be practical. Furthermore it is difficult not to mar the surface 
of the film when the culture is spread upon it. 

The agar used for this purpose may be made as a saline agar 
or it may contain a nutrient. In either case the agar which is to 
be used for making isolation films should contain 40 grams of dry 
agar shreds per liter. The film is made by allowing agar to flow 
evenly over the surface of a clean cover glass from a pipette held 
perpendicular to the glass surface. The thickness of the film is 
regulated by drawing the excess agar back into the pipette. 

Isolation cell surfaces. For want of a better name the term 
“isolation cell surface” is used tentatively to designate a new 
type of metal isolation surface in which a series of very fine holes 
is drilled. These surfaces were devised so that the size of the 
isolation droplet could be limited and better optical conditions 
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might be obtained. Experience has taught that a mere film or 
flattened droplet provides better optical conditions for observing 
a single isolated bacterial cell, than a deep, hemispherical droplet. 

These flattened droplets are hard to maintain on the usual type 
of isolation surface. Furthermore, in making an isolation drop- 
let of this nature the cell is often exposed and in many instances 
harmed. The problem has been satisfactorily solved by the use 
of a new type of isolation surface which differs in principles from 
any heretofore used and which by nature of its automatic isola- 
tion droplet formation is well adapted to routine. 

Such a surface may be made from a very fine metal gauze (200 
or more meshes to an inch) or from a platinum plate perforated 
with holes 0.002 of an inch or less in diameter and spaced as the 
operator wishes. 

If wire gauze is used a small piece must be run between steel 
rollers to flatten the wire and partially close up the openings. 
The gause is then drawn tight over a frame and is soldered in place. 

A more satisfactory type of ‘‘cell isolation surface’? may be 
made from platinum or gold or some metal which will cause a 
minimum of harm to the cells and be stiff enough to maintain its 
shape. The thickness of the plate may range from 0.01 to 0.005 
inch or thinner. Its size is determined by the opening in the 
moist chamber roof. A series of holes is drilled in this plate with 
Marple wire drills. These holes may vary in diameter from 
0.002 to 0.005 of an inch and must be free from burr. The sur- 
face of the plate is buffered to a high polish. Unless the operator 
is familiar with fine tools, time and expense is saved by having the 
plates drilled by a manufacturer of platinum articles or at the 
nearest competent jewelers. After the plate has been made it 
may be rolled again between steel rollers to flatten it further and 
to partially close up the holes. For practical purposes holes less 
than 0.002 inch in diameter are seldom necessary, although by 
drilling holes of this size and by carefully rolling the plate, the 
holes may be reduced to less than 0.0005 inch in diameter. 

In order that the exposed surface of the plate be protected it is 
covered with a cover glass. The glass must not touch the plate 
but should rest on a ledge made of a lacquer or gold size. This 
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ledge must be just thick enough to support the cover slip so it 
cannot touch the surface of the plate. Several larger holes are 
drilled just inside the ledge so that when the cover glass is in 
place gas and moisture from the chamber can circulate beneath it. 


Definition of the isolated cell 


The source of light used in most of these experiments is a 100 
watt nitrogen filled bulb behind a layer of milk glass which is 
covered in turn with frosted glass. Because of the height of the 
moist chamber a special series of condensing lenses are used. 
These are mounted in a frame under the stage of the microscope 
so that they can be swung into place separately. The light is 
passed through a heat-absorbing glass and a red or yellow filter. 
The colored glass can be quickly swung aside and a more critical 
white light substituted for the short time that it takes to examine 
a droplet. 

Micro-droplets are slightly spherical on greased surfaces and 
while isolated bacteria may be easily defined in them there is a 
slight aberration and the edges of the droplet cannot be so criti- 
cally lighted. If the droplet is flattened slightly, as often happens 
when it merges with the collected dew, the lighting is better. 
The difficulty with a flattened droplet is that the edges of the 
original droplet are soon lost or hard to make out. Peterfi 
(1926), in adapting single cell isolation to dark field illumination 
has taken advantage of the flattening effect by dropping pieces 
of glass wool on the isolation surface to flatten the droplet and 
provide a satisfactory film. Other investigators advise the use 
of a greaseless cover glass or the use of agar films which likewise 
permit a flat field to be obtained. 

The spherical droplet, because of its small size, is satisfactory 
for isolation purposes with larger organisms but a more critical 
illumination is necessary for work with smaller organisms or 
with the reproductive products of certain cells. For this purpose 
the isolation droplet should be flat. If it can be flattened and 
the cell protected from injury which would otherwise result from 
exposure the desideratum is attained. 

When an agar surface is used the isolation droplet at the in- 
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stant it is made is absorbed into the film of moisture found on the 
agar surface, the cell is deposited on the agar and the field has 
the necessary flatness. An isolated bacterium is easily seen on 
a film of agar if the film is thin enough and the agar free from 
granules. 

The most satisfactory type of isolation droplet as far as visi- 
bility is concerned is that formed in an isolation cell. Here the 
droplet is stretched to a film the thickness of the isolation plate, 
and the surface tension exerted is great enough to prevent assump- 
tion of a spherical surface. The edge of the droplet is clearly 
defined against the opaque edges of the pore. This allows a 
definite limited area to be searched. 


Manner of isolating a bacterium with specialized apparatus 


a. Adjusting the apparatus. (1) The moist pads are saturated with 
distilled water delivered from an eye-dropper. (2) A temporary cover 
glass is fastened into place over the moist chamber. (3) Current is 
turned into the heating coils and the temperature of the chamber regu- 
lated by means of the thermostat. Temperature can be read directly 
from a clinical thermometer fastened into the side wall of the moist 
chamber. (4) The pipette holders are pulled back into the changing 
chambers and the moist chamber is closed off. The trap doors closing 
the changing chambers are opened and the pipette holder exposed. (5) 
The guide pin in the pipette holder sleeve is lifted and a sterilized 
pipette adaptor screwed into place. (6) Pipettes are prepared on the 
pipette puller and are cut off into lengths of } inch. These pipettes are 
clamped into a curved pair of forceps. A daub of paraffin, vaseline or 
some sealing substance is touched to the base of the fine needle in the 
adaptor tip. The base of the pipette is heated over a flame and is 
pushed over the fine needle. The wax at its base, melts and runs up 
into the pipette base to furnish a seal. (7) The pipette holder on the 
opposite side of the isolator is treated as in steps (4), (5), (6). (8) Both 
pipettes are lowered so that the changing chamber doors can be closed. 
(9) The moist chamber is opened, the pipette adaptor turned sideways, 
and the pipette is pushed into the chamber where it is once more re- 
turned to an upright position. (10) The pipette tips are centered in 
the low power field. Front-to-back adjustment is made with the lead 
screw in the side of the moist chamber housing. Side-to-side adjust- 
ment is made with the screw on the pipette holder tubing. Up-and- 
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down adjustment is made with the screw which is a part of the pipette 
raising system. Once the pipette tip is accurately centered with low 
power it can be further adjusted to a higher power. One side of the 
pipette system is centered at a time. When one side has been satis- 
factorily centered the pipette tip can be removed slightly out of field 
by loosening the set screw in the base of the clamping cylinder. The 
opposite side can then be centered. Since the pipette tip is removed 
only a short, set distance out of field, a quick push will return it to 
view. (11) With the pipette tips centered in the microscopic field the 
apparatus is ready for isolating the bacterial cells. Any future pipette 
adjustments will be quite limited. 

b. Isolating bacterial cells. Assuming that the new type of isolation 
surface is to be used and the cells are in proper dilution the procedure 
takes the following steps: (1) The temporary cover glass, which has 
been placed over the moist chamber, is removed and a “‘cell isolation 
surface,” fastened in its place. (2) A loopful of diluted culture is 
spread over the isolation surface so that the isolation pores are filled 
The excess culture is removed with the inoculating loop. (3) A cleaned 
cover slip may now be pressed down over the top of the isolation surface 
to protect the isolation films or the manipulations may be made without 
the protecting cover. (4) Isolating the cells consists in bringing the 
isolation pores into the center of the microscopic field and examining 
the flat film for isolated bacteria. (5) When a pore is found in which a 
single cell has been isolated the pipette tip is raised into contact with the 
isolation film and the cell collected by capillarity. It might be well to 
mention at this point that a micro-tip drawn from glass rod may be 
substituted for the micro-pipette. 

c. Removing the isolated cell to culture. When the isolated bacterium 
has been taken up in a micro-pipette the next step is to culture it. This 
may be done on another part of the isolation surface or in a test tube 
apart from the isolation chamber. Assuming that the latter is the case 
and the cell is to be cultured in a test tube, the procedure is as follows: 
(1) The pipette tip is dropped away from the isolation surface and is 
pulled back into the changing chamber. (2) The moist chamber is 
closed off and the changing chamber exposed. (3) The pipette is re- 
moved from its adaptor with the curved forceps. (4) Since the isolated 
cell, together with a small amount of broth, is in the extreme tip of the 
pipette it is only necessary to break off this tip by rubbing it against the 
side of a tube of broth. The broth may be washed over the spot where 
the pipette tip has been broken. (5) A new pipette is pushed over the 
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adaptor and is returned to the field of operation. Since the pipettes 
are uniformly made and mounted only very limited adjustments will 
have to be made. More cells can then be isolated. 


The use of the single cell technique in various problems 


Generally speaking, single cell methods might be used to obtain 
a pure strain from a broth or agar culture, in selecting certain 
cells or their products, in separating a pure strain from a mixed 
culture, in watching the development of an isolated bacterium 
microscopically, in microbiological tests, and finally, in the selec- 
tion of certain protozoon forms. 

Pure strains of bacteria obtained from single cells isolated out 
of a broth or agar culture are useful in problems of heredity, in 
the preparation of antigens, the study of dissociation or in any 
problem where the pedigree of an organism is desirable. With 
these methods it is possible to select bacteria from tissues or 
exudates and to cultivate them as pure cultures with a consequent 
saving in time in many cases. It is also possible to use the tech- 
nique in diagnostic bacteriology, a field not yet fully open to 
single cell methods. All in all, single cell methods have many 
uses of a very practical nature which time and space will not per- 
mit outlining but with which an operator using the technique soon 
becomes familiar. 


SUMMARY 


In this paper is presented a consideration of certain factors 
concerned with mechanizing single cell methods as well as a new 
type of automatic isolation surface. This paper is an attempt to 
mechanize the technique of pure culture, for the purpose of 
making it more exact, more direct, automatic in nature, and 
capable of closer control. The present technique is not intended 
as a substitute for plate culture methods any more than any exact 
and highly specialized procedure can be substituted for a more 
general method. In certain instances, particularly in research 
problems of the nature I have already mentioned, single cell 
methods are essential. The proper investigation of these prob- 
lems involves series of many hundreds of single cell isolations. 











STUDIES IN MICRURGICAL TECHNIQUE 285 


Thus the special problem becomes one of routine. It is toward 
this end that I have offered my methods in an attempt to systema- 
tize and unify mechanical single cell technique. If the new 
methods are adapted to a more general use it is because the gen- 
eral use has become partly research in nature. 

The first section of this paper considers (1) the methods used 
by other investigators to isolate single bacterial cells, (2) the 
necessary principles to completely mechanize such a technique, 
(3) a review of the methods used by the writer to accomplish 
this mechanization. 

A new micro-manipulator for mechanical isolation of single 
bacterial cells is described in detail in the second section. The 
instrument embodies the following advantages: It is specialized 
for work in bacteriology, and is easy to manipulate. The moist 
chamber is never exposed to the air, permitting an accurate con- 
trol over environmental conditions and, depending on the care 
used in the construction of the manipulator, it affords a more or 
less complete control over anaerobic conditions to be maintained. 
The moist chamber or isolation box is replaceable, permitting 
many experiments to be carried on simultaneously. Pipette 
mounting and changing are simplified. 

Specialized mechanical isolation of single bacteria demands a 
uniform pipette made by a mechanical device. The instrument 
presented in this paper fills the requirements by automatically 
regulating the factors entering into pipette pulling and furnishes 
an instrument which is (1) simple in construction, (2) fool proof, 
(3) accurate, (4) simple to manipulate, (5) the heating elements 
may be constructed quite easily in the laboratory. 

If capillary tubing of uniform diameter is used pipettes with a 
uniform opening may be made. The apparatus will make pi- 
pettes with openings varying between those too small to be meas- 
ured with the microscope to any size chosen by the operator. 
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The term “bacterial variation’ seemed for a time to give way 
to such appellations as “dissociation,” ‘“‘mutability,”’ and “‘life 
cycle phases.”” The word “dissociation,” in particular, appeared 
to strike the fancy of a large group of modern bacteriologists. 
It seems, however, that the pendulum has begun to swing back. 
This is particularly apparent in the more recent English publica- 
tions, and to a considerable extent in books and papers of German, 
Japanese and American authors. 

This is not the occasion for discussing the relative merits of the 
different terms, but consideration of the subject from its various 
angles has convinced the present writers that they can best 
bring out the three phases of the investigation conducted by them 
under the title “bacterial variation.’”’ These phases concern 
structure of cell envelope, pleomorphism, and filtrability of 
bacteria. 

Among the most important present-day controversies in the 
field of bacteriology are those which are centered around the 
questions of life cycle and filtrability of bacteria, which in many 
minds are so closely linked together that to accept one of necessity 
involves acceptance of the other. According to a certain school 
of investigators, bacteria, like known protozoa, manifest various 
phases of a life cycle which are important stages in their complete 
and continued development. Of these phases the so-called 
“filtrable forms’’ have received particular attention, especially 
by groups of French and American investigators. The contro- 
versy over filtrable forms of the tubercle bacillus has in the past 
eight or ten years assumed particular prominence. Indeed, 
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since the earlier claims of Fontés (1910), scores of papers have 
been published in support of the filtrability hypothesis. Others, 
again, have vigorously denied the occurrence of filter-passing 
bacteria or stages. 

Space does not permit of a review even of the more recent 
contributions. A complete list of publications dealing with 
pleomorphism, life cycle and filtrability would constitute a 
volume in itself. The voluminous monograph of Léhnis (1921) 
alone is evidence in support of this statement. Hauduroy 
(1929) in his monograph cites some 150 references to filtrable 
forms of microérganisms, a large majority of which deal with 
filtrable phases of ordinary bacteria. Medical and bacterio- 
logical journals are replete with articles and bibliographies. 

The questions at issue here are of extreme importance, and 
upon a satisfactory solution of them will depend the future 
development of bacteriology. If bacteria must pass through 
various life cycle phases, and if they manifest themselves in 
viable forms which are filtrable, our conception of bacteriology 
will require a thorough revision, and with it the present concep- 
tion of pathology and of medicine. If what are considered by 
many as life cycle phases of bacteria are merely variants which 
have no cycle significance and which are due to environmental 
influences, or certain inherent tendencies to vary from or around a 
norm, and if the so-called filtrable forms do not exist as such, 
except perhaps occasionally as isolated cells or as broken bits of 
bacterial cells, the threatened cataclysm in systematic bacteriol- 
ogy may be indefinitely deferred. 

The subject of bacterial variation has for many years been 
one of major interest to the senior author, and especially since 
the publication of the original paper of Rettger and Sherrick 
(1911). The present work is based on investigations conducted 
by the writers over a period of about three years, and is one of 
several researches carried on in the same general field in the Yale 
Laboratory of Bacteriology. 


DEMONSTRATION OF A DEFINITE CELL ENVELOPE 


No phase of morphology study has been beset with greater 
difficulties than the demonstration of a definite envelope or 
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membrane surrounding the bacterial cell, and perhaps no search 
has proven to be more fruitless. 

Bacterial respiration and nutrition involve an interchange of 
chemical substances from without and within the cell, which 
include carbon dioxide and other respiratory and metabolic 
products of the cell, and oxygen and assimilable nutritional sub- 
stances from the surrounding medium. 

Many investigators hold that a true membrane would inter- 
fere with such free exchanges, and that, therefore, the outer 
portion of the cell cannot be anything more than a concentrated 
specialized portion of the cell protoplasm, a so-called ectoplasm, 
at best. As opposed to this view one might argue that bacteria 
must be surrounded by a defining envelope or membrane which 
is at least in a large measure responsible for the definite and 
permanent shapes which the different types and species of bac- 
teria assume and maintain under favorable conditions. It may 
be argued, furthermore, that membranes may possess widely 
different degrees of permeability and that, therefore, they do not 
necessarily present any obstacle to the free interchange of chem- 
ical substances. 

The observations reported here briefly by the writers were 
made in connection with a rather extensive study on pleomor- 
phism, in which two regular stock strains of Bacillus megatherium 
were employed. 

The first demonstration of a so-called “‘sausage skin’’ in the 
prepared films was regarded as an accident, certainly as some- 
thing of extremely rare occurrence. However, similar observa- 
tions have been made since on various occasions. 

Very marked autolysis in an organism like B. megatherium is 
to be expected, and was found in all of the present pleomorphism 
studies to be an outstanding feature in cultures that were incu- 
bated at 37°C. for at least two or three days and in those which 
were kept at 22 to 25°C. for longer periods. The autolysis was 
shown particularly well in slides stained with Congo Red which, 
when applied properly, leaves the film background colored 
(blue), whereas the viable and unautolyzed cells stand out con- 
spicuously as bright colorless (unstained) objects. Cells which 
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are undergoing autolysis show varying degrees of staining posi- 
tiveness, depending upon the degree of self-digestion. 

In films which were prepared from ordinary extract agar 
cultures that had been incubated at least five days at 37°C. 
microscopic fields were found to be made up almost entirely of 
lightly stained ribbon or flattened sausage-skin forms which 
presented the general shape and orientation of so-called normal 
active cultures, though the individual cells were distinctly wider 
and on the whole longer than those seen ordinarily. Some of the 
autolyzed cells were single and relatively short; others were 
distinctly elongated, some assuming a long ribbon form. The 
cells had the appearance of being flattened and of having the 
original contents dissolved or laked out. The collapsed ‘‘sausage 
skin’ appearance was particularly noticeable in occasional cells 
which appeared twisted or bent upon themselves once or twice 
(fig. 5). Occasional unstained, unautolyzed rods were seen 
which were not unlike the usual normal forms, though as a rule 
longer. 

The wall-like structure of the envelope was made quite apparent 
also in cells the ends or tips of which had been partially torn away, 
and by the peculiar resistance which the young and viable cells 
manifested under the microscope when teased with a micro- 
needle. They were decidedly tough and elastic, and strongly 
resisted attempts to cut or break them into parts. 

These observations are in harmony with those of Wamoscher 
(1930), who subjected bacterial cells to crushing and cutting, and 
found the cell membrane to be extremely firm, elastic, and re- 
sistant to pressure. He was unable to demonstrate growth and 
multiplication of cut cells, although he could follow reproduction 
of entire single cells. The author apparently did not observe 
the twisted sausage-skin forms described in this paper. This may 
have been due to his experimenting with an organism (Mazun 
bacillus) which, like the well-known L. bulgaricus, is not easily 
autolyzed as is B. megatherium. 

It need not of necessity be assumed from these observations 
that ordinary growing B. megatherium cells possess a membrane 
that is at all comparable to that demonstrated in old autolyzed 
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cultures. However, it would seem that these sausage skin forms 
must have had their origin in distinct envelopes that occur in the 
cells during so-called normal growth, and which may be of rela- 
tively delicate structure and composition. The distinct toughen- 
ing and resistance may partly be a result of the continued incuba- 
tion at 37°C. and of a failure of the envelope to participate in the 
process of autolysis. However, the unautolyzed and partly auto- 
lyzed cells appeared to be more resistant than the completely 
autolyzed. 

These observations are presented here as a matter of general 
interest, rather than as evidence of the occurrence of a highly 
specialized cell membrane or envelope in bacteria. 


SOME OBSERVATIONS ON BACTERIAL PLEOMORPHISM 


This phase of study constituted a part of the writers’ general 
researches on filtrability of bacteria, and was stimulated by the 
belief that an organism which exhibits a very marked tendency 
to pleomorphism over a wide range would probably lend itself 
admirably to the demonstration of minute forms which possess 
the property of filtrability through ordinary Berkefeld and 
Chamberland candles. A certain degree of pleomorphism of 
B. megatherium had been observed in previous work with this 
organism, and the recent publication of Petschenko (1931) gave 
further evidence of the ease with which it can be made to assume 
many different forms. 

As will be seen in the accompanying illustrations (figs. 1-4 
and fig. 6), Bacillus megatherium appears to be decidedly unstable 
in its morphology. The type of cellular morphology varied 
with the medium employed, and with the temperature and dura- 
tion of incubation. When grown on ordinary meat-extract 
agar at 22°C. for from twenty-four to forty-eight hours, the 
usual microscopic picture was obtained, the cells being more or 
less uniform in size and outline and occurring in short and in long 
chains. When incubation was at 37°C. very unusual forms 
appeared by the end of forty-eight hours. There were many 
shadowy (autolyzed) bacillary types possessing prominent 
granules. There was also a variety of deeply-staining filaments 
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which were often distinctly clubbed at one end. In meat extract 
agar cultures which were kept at 22 to 25°C. for at least two or 
three weeks, filaments of varying length and thickness, which 
often showed true branching, were the outstanding feature. 

When grown on skim-milk casein-digest agar at 22°C. for 
forty-eight hours an entirely different microscopic picture pre- 
sented itself. There were very few so-called normal cells, and 
variation occurred within a very wide range, the more prominent 
types being boat-, spade- and club-shaped forms of varying 
sizes. 

The slides were stained, as a rule, by Congo Red, according to 
the method of Benians (1916). This stain lent itself admirably 
to the differentiation of the different forms, and was of particular 
value in bringing out autolytic changes in the individual cells. 

In spite of the extreme pleomorphism which was displayed in 
the present investigation by the two strains of B. megatherium 
(N and Dor.), there was a surprising degree of constancy in 
morphology and cultural characteristics when these strains were 
grown on meat-extract agar at 20 to 25°C. for from twenty- 
four to forty-eight hours. On transferring from cultures which 
contained the most varied morphological types to fresh meat- 
extract agar, and keeping these cultures at ordinary room 
temperature for not over forty-eight hours, so-called ‘“‘normal’’ 
growths developed in which the cells were of typical appearance. 
They were large rods of uniform thickness and more or less 
variable length which occurred in long chains that presented the 
same broken or angular “‘joints’’ which these strains exhibited 
under the same conditions when they first became a part of the 
regular laboratory stock culture collection. Strain N has been 
a stock strain in this collection over thirty years, and strain 
Dor. for at least fifteen years. Neither of these two strains has 
undergone any apparent change in morphology and cultural 
characteristics when grown under the above stated ‘‘normal”’ 
conditions during the entire period in which they have been held 
in the laboratory. 

Other organisms of the subtilis group have been employed in 
the laboratory in variation and filtrability studies. Some of 
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these exhibited varying degrees of pleomorphism under the 
conditions imposed on them, and all of them were remarkably 
constant in their cell morphology when grown on the customary 
stock culture medium, plain meat-extract agar. Variation and 
filtrability studies with certain of these organisms will be pub- 
lished in a future paper. 


FILTRABILITY OF BACTERIA 


In the present investigation the main emphasis was placed on a 
search for filtrable forms or phases of bacteria. By “‘bacteria’”’ 
is meant here well-defined organisms which in their usual form 
are recognized easily as such microscopically and, as a rule, by 
certain definite cultural characteristics; in other words, the large 
group of microérganisms which are known generally as the 
“lower bacteria,’’ and in scientific parlance as the Schizomycetes. 

Two widely different types of test organisms were employed 
by the writers, namely members of the Brucella genus, and B. 
megatherium. The filtration trials were conducted with two 
well-known brands of filters, the Berkefeld Laboratory and the 
imported (Paris) Chamberland. Filters of different degrees of 
coarseness were also employed. 


FILTRABILITY EXPERIMENTS WITH BRUCELLA MELITENSIS AND BR. 
ABORTUS 


Experiment I 


Three authentic strains were used, Brucella abortus B1 (bovine 
origin), Br. abortus P11 (porcine origin) and Br. melitensis M39. 
The organisms were given several preliminary twenty-four hour 
passages through “pneumo-broth” and ‘“‘pneumo-agar’”’ (Blake). 
Luxuriant growth was obtained on the agar within forty-eight 
hours. Less vigorous growth occurred in the pneumo-broth, 
but there was always a moderate degree of clouding in forty- 
eight hours. 

Ten tubes of pneumo-broth were inoculated with each of the 
three newly invigorated strains. These, together with 30 uninoc- 
ulated (control) tubes, were incubated at 37° for periods varying 
between two and ten days. Museum jars were employed, to 
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prevent evaporation. Two tubes of each strain were removed 
on the second, fourth, sixth, eighth and tenth days. One of each 
pair was filtered through a Chamberland L; candle, and the other 
through an Ls. For each culture so treated a tube of the sterile 
(control) broth was filtered also. The filtrates were held at room 
temperature in museum jars over a period of eighty-seven days. 
They were plated on pneumo-agar at weekly intervals. Two 
platings were always made, one in the ordinary Petri dish and 
the other in a Blake bottle. The plates and bottles were incu- 
bated at 37°C., and examined at frequent intervals until they 
become too dry for further observation. The Blake bottle was 
employed as a check on the Petri dish which, as must be ac- 
knowledged generally, is easily subject to contaminating or- 
ganisms. 

The Chamberland candles were treated immediately before 
boiling in the manner described in the second filtration experi- 
ment (p. 299) except that they were neutralized after being 
boiled in the 15 per cent HCl. The neutralization was found 
later to be unnecessary and inadvisable. 

The results of this experiment are briefly summarized as 
follows: 


Condensed statements and results of experiment I 


Number of strains of Brucella employed, 3. 

Number of pneumo-broth cultures prepared, 30 (10 for each strain). 

Number of broth tubes used as checks, 30. 

Number of Chamberland filtrates prepared, 60 (evenly divided 
between the L; and L; candles). 

Ages of cultures and control tubes when filtered, two, four, six, 
eight and ten days. 

Ages of filtrates when plated out on Petri dishes and Blake bottles, 
varied between zero and eighty-seven days, at intervals of 
approximately one week. 

Ages of plates and bottles when examined for growth, varied be- 
tween one and thirty-five days. 

Number of Petri plates prepared from the 60 filtrates, 355. 

Number of Blake bottles prepared from the 60 filtrates, 355. 

Number of times the 355 Petri dishes were examined, 948. 
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Number of times the Blake bottles were examined, 945. 

Number of Petri plates showing growth which apparently did not 
arise from the filtrates themselves, 81, or 23 per cent. 

Number of Blake bottles showing growth which apparently did 
not originate in the filtrates, 4, or 1 per cent. 

Number of culture filtrates which developed a growth, 1, or 3.33 
per cent. 

Number of blank (control) filtrates which developed growth, 0. 


In the one instance in which a growth occurred in the culture 
filtrate, a heavy mucoid growth was observed at the end of fifteen 
days’ holding of the filtrate. On plating an apparently typical 
Brucella was recovered. The filtrate was prepared from a forty- 
eight hours pneumo-broth culture of Br. melitensis M39, and 
with a Chamberland L;, candle. 

No definite explanation is offered here for the occurrence of 
what appeared to be the original organism in the one positive 
filtrate. It may have passed through the filter wall in its so- 
called “‘normal”’ form, or as a special or transition phase of the 
organism, or as a portion of a broken bacterial cell. On the other 
hand, passage through the filter may have occurred as the result 
of a defect in the wall of the filter; or, the filtrate may have been 
contaminated through an error in the technique of the person 
conducting the experiment. Whatever the explanation might 
be, the demonstration of the Brucella organism in only one fil- 
trate out of the 30 prepared must be regarded as having no real 
significance. 

A large number of the filtrates appeared cloudy. A small 
number assumed a slight degree of turbidity immediately after 
filtration. The number of filtrates which were cloudy increased 
with the length of time that they were held, and by the end of the 
entire period over which examinations were made (seventy-eight 
to eighty-seven days) none remained clear. The clouding in this 
experiment was never more than ‘“‘slight’”’ and occurred in the 
filtrates that were prepared from the sterile broth control tubes, as 
well as, and to apparently the same extent as, in the culture 
filtrates. 

Quite occasionally, too, dull, faintly visible film-like patches 
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were observed on the agar in the plates and Blake bottles, which 
resembled those described by various investigators and regarded 
by them as growth of filter-passing bacterial forms. However, 
these delicate films were not limited to the plates that received 
culture filtrates, but occurred in practically the same proportion 
in the plates treated with the filtrates of the originally sterile 
broth. These films were formed on the parts of the agar surface 
where the filtrates were deposited by the transfer pipettes. 
The filtrate clouding in the tubes and the film formation on the 
agar will be discussed at greater length in another section of this 


paper. 
Experiment II 


This was in a large measure a repetition of experiment I and 
differed from it essentially only in the choice of culture medium, 
bacterial test strains and filters employed. 

The pneumo-broth served admirably in the earlier work, but 
it seemed desirable to vary the medium in order to give the 
organisms a wider range of conditions which might favor the 
development of so-called ‘“‘filtrable stages’ or “forms.” The 
medium employed here was liver infusion broth prepared by 
extracting 2 pounds of beef liver in the cold for twenty-four 
hours, boiling the infusion for ten minutes, filtering through 
cheese cloth, and adding Bacto-peptone (1 per cent) and sodium 
chloride (0.5 per cent). The final H-ion concentration of the 
autoclaved medium was pH 7.2. This was distributed in test 
tubes in 15 ce. amounts. 

Three authentic strains of Brucella melitensis were used, M31, 
M32 and M37. As a preliminary measure, they were passed 
several times through pneumo- and liver infusion broth, in order 
to obtain as luxuriant and nearly uniform growth as possible. 

Twenty tubes of liver infusion broth were inoculated with each 
of the three Br. melitensis strains. These, together with 60 
sterile tubes of the same medium, were incubated for seventy-two 
hours at 37°C., after which they were kept for continued observa- 
tion in a dark closet at room temperature. From all of the 60 
cultures and 60 control tubes filtrates were prepared at various 
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intervals. Preliminary to each filtration the cultures were 
streaked on pneumo-agar, as a check on the viability and purity 
of the cultures. 

The filter candles employed were the Berkefeld N and Cham- 
berland L,. These were selected, in preference to the Chamber- 
land L; and Ls candles used heretofore, because they were 
coarser and presumably would not subject the so-called ‘‘filtrable 
forms’’ to so severe a test. 

The Berkefeld candles were cleaned by the method described in 
Giltner’s Manual of Bacteriology.' After rinsing in cold water, 
500 cc. cold distilled water were forced through them under 
pressure, then 500 cc. potassium permanganate solution (1 gram 
KMNO, + 6.5 grams HCl in 1000 ec. distilled water). This was 
followed by passing 500 cc. of 1 per cent oxalic acid under pres- 
sure. The candles were then washed with hot distilled water 
until the filtrate was free from acid. Finally, cold distilled water 
was forced through. The final filtrate was free from acid, as 
determined by the bromthymol blue test. 

The Chamberland candles were cleaned by boiling in 15 per 
cent HCI; they were then rinsed several times in boiling distilled 
water. After drying they were brought slowly to a dull red heat 
in a muffle furnace and left there several hours to cool, after 
shutting off the current. 

Every precaution was taken to prevent contamination of the 
filtrates, even to the extent of inverting a test tube over the 
exposed end of the Berkefeld filter in the mantle, and wrapping 
strong paper around the end of the filtrate-receiving tube and 
over the top of the flask holding the filtering outfit. 

In all of the individual tests Blake bottles were again employed 
as checks on the Petri dishes, in the same manner as was done 
in experiment I. 

The plan and procedure in experiment II were essentially the 
same as in experiment I. 


1 Preliminary to the final cleaning process, the candles which had been used 
for filtering Brucella cultures were held in boiling water long enough to make 
them safe for handling. 
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Condensed statements and results of experiment II 


Number of strains of Brucella employed, 3 (Br. melitensis M31, 
M32 and M37). 

Number of broth cultures prepared, 60 (20 for each strain). 

Number of broth tubes used as controls, 60. 

Number of filtrations made, 103. 

Number of Chamberland L, filtrations made, 52. 

Number of Berkefeld N filtrations made, 51. 

Ages of liver infusion broth cultures and controls, between seven 
and one hundred days. 

Ages of filtrates when plated out, varied between three and fifty- 
two days. 

Ages of Petri plates and Blake bottles when examined, varied 
between one and thirty-three days. 

Number of Petri plates treated with the 103 filtrates, 142. 

Number of Blake bottles treated with the 103 filtrates, 138. 

Number of times the 142 Petri dishes were examined, 326. 

Number of times the 138 Blake bottles were examined, 353. 

Number of plates showing growth which apparently did not arise 
from the filtrates themselves, 38, or 27 per cent. 

Number of bottles showing growth which apparently did not arise 
from the filtrates themselves, 1, or 0.7 per cent. 

Number of culture filtrates from Berkefeld candles which de- 
veloped growth on plating, 2, or 1.9 per cent. 

Number of culture filtrates from Chamberland candles which 
developed growth, 0. 


In no instance was a Brucella-like organism recovered from 
the 52 culture filtrates prepared with the Chamberland candles, 
although the filters employed were relatively coarse (L.). Of 
the 51 culture filtrates from the Berkefeld N candles two de- 
veloped what appeared to be typical Brucella growths. One of 
these filtrates came from a culture tube which had been inoculated 
with Br. melitensis M32 and which was forty-nine days old; the 
other was that of a fifty-seven-day old culture of strain M31. 

In the above two instances of apparently positive results, 
Brucella-like colonies were obtained from the respective filtrates 
in both the Petri plates and the Blake bottles, indicating that 
the organisms came from the filtrates themselves. Whether they 
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had actually passed through the Berkefeld candle or gained 
entrance to the filtrate indirectly and as the result of contamina- 
tion, or whether the particular filters were defective must be 
left an open question. The last possibility may perhaps be 
excluded, since the same filters have been used since, with 
negative results. According to the experience of our laboratory, 
it is much more difficult to manipulate the Berkefeld type of 
filter than the Chamberland, and, with the ordinary measures 
of precaution the former admits more readily of contamination of 
the filtrate. 

The Brucella strains employed here produced a good growth 
in the liver infusion broth after acclimatization. At times there 
was a tendency of the cultures to become mucoid, which made it 
rather difficult to filter them in the period of time allowed for 
their filtration (not over thirty minutes), and in some instances 
required preliminary filtration through paper or cotton. The 
mucoid character of the cultures became apparent when they 
were about fifteen days old. On direct transfer of such cultures 
to ordinary agar medium the ordinary non-mucoid type of growth 
was again observed. 

The same tendency of the filtrates to become slightly turbid 
was observed in this experiment as in experiment I, but as 
there was no real difference between the culture and the uninocu- 
lated medium control filtrates in this respect, the clouding phe- 
nomenon has no significance here. The same may be said re- 
garding a tendency which the filtrates had to turn brown, as 
they became older. 


Supplement to experiment II 


This phase of the present study was an outgrowth of experi- 
ment II, and involved the Hauduroy process of washing forward 
on agar plates. 

Of the 103 filtrates of Brucella melitensis studied in experiment 
II, 23 were put to additional service in the writers’ attempts to 
demonstrate filtrable forms by the washing-forward expedient. 


Filtrates 55, 56 and 57, designated as series A, were washed forward 
once from the first Petri plate and Blake bottle used in testing 
the viability of the filtrates. 


JOURNAL OF BACTERIOLOGY, VOL. XXVI, NO. 3 


“ 








302 LEO F. RETTGER AND HAZEL B. GILLESPIE 


Filtrates 71, 72 and 93 to 96 (series B) were washed forward three 
times. 

Filtrates 81, 82 and 85 to 92 (series C) were washed forward twice. 

Filtrates 97 to 100 (series D) were washed forward twice. 


All of the filtrates were prepared from relatively old cultures 
or uninoculated broth control tubes. For example, No. 56 was 
from a forty-nine days old culture of Br. melitensis M37, and 
filtrate No. 55 came from a forty-nine days old tube of sterile 
broth used as a check on No. 56. 

The filtrates were all prepared from liver infusion broth cultures 
or from uninoculated liver broth tubes. Platings were made from 
filtrates 55, 56 and 57 on pneumo-agar in both Petri plates and 
Blake bottles on the eleventh day after filtration. This was done 
by allowing 0.1 cc. filtrate to drop on the agar surface. When the 
plates and bottles were examined on the 6th day of incubation 
at 37°C. there was no evidence of growth in the Blake bottles, 
but one of the three agar plates contained one large colony, 
which was regarded as a contaminant, especially since the 
filtrate (No. 57) came from an uninoculated tube. 

The three Petri plates and Blake bottles (series 55, 56 and 57) 
were washed forward to fresh plates and bottles on the ninth day 
of incubation, according to the method described by Hauduroy 
and used by him and various other investigators. This process 
consisted essentially in placing about 1.0 cc. of sterile infusion 
broth on the part of the surface from which the washings were 
to be made, spreading the liquid about with the tip of the pipette, 
drawing the liquid back into the pipette, repeating the process 
several times, and eventually transferring the liquid from the 
washed surface to new agar, with the same pipette. 

When examined after twenty-four hours incubation Petri 
plate 55, (control filtrate) showed one small colony near the edge. 
Several of the other plates, as well as Blake bottles, revealed 
dulled, grayish areas where the filtrate had come in contact 
with the agar surface. The dulling was of no consequence, 
however, since it occurred in the control as well as the culture fil- 
trate series. 

The same Petri plates were examined again after eight days 
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of incubation, with the following results. Petri plate No. 55,, 
washed forward from Blake bottle 55,, contained one distinct 
colony, and Petri plate 55,, washed forward from Petri plate 55,, 
three small thin colonies resembling the one in plate 55,. Eight- 
day old bottles were not examined. 

The Blake bottles, 55., 56, and 57, were again examined at the 
end of twenty-five days of incubation. The 3 Blake bottles 
which were washed forward from bottles appeared sterile. Also 
two of the bottles washed forward from Petri plates were 
sterile. The third bottle (55,) prepared in the same manner from 
Petri plate 55, contained innumerable small, discrete, thin grey 
colonies with irregular edges. These might have been mistaken 
for filtrable forms if they had not occurred in a bottle that was 
made from a Petri plate which had been treated with the filtrate 
from a sterile broth tube. Petri plates that were older than eight 
days were not examined, owing to interference by contaminating 
forms. 

The remaining 20 filtrates (series B, C and D) which were 
carried forward received essentially the same treatment as Nos. 
55, 56 and 57 (series A), with the following important exception. 
Filtrates (series B) 71, 72 and 93 to 96 were washed forward three 
times; Nos. 81, 82 and 85 to 92 (series C), twice, and filtrates 97 
to 100, twice. 

Plates from the B filtrates were washed forward to plates and 
bottles (B, series) when they were five days old. The second 
washings were made from the B, series plates when they were five 
days old, and carried to Petri plates and Blake bottles (B, series), 
and the third washings from B; series plates to plates and bottles 
(series B;), after five days’ incubation. The different plates and 
bottles to which washings had been transferred were examined 
after varying periods of incubation ranging from three to fourteen 
days, and in one instance twenty-four days. 

In none of the Blake bottles to which the 18 washings from Blake 
bottles were carried was there any evidence of growth, all of the 
bottles appearing definitely sterile. In two of the corresponding 
Petri plates 2 mold colonies were observed, and two other plates 
developed bacterial colonies which were, beyond all doubt, 
contaminants. 
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In the study of series C filtrates the two forward washings were 
made in each instance from Blake bottles, instead of Petri plates, 
but to both Petri plates and bottles. All of the plates and bottles 
appeared sterile, even after two and three weeks’ incubation. 

Series D filtrates were subjected to essentially the same treat- 
ment as those of series C. All of the Blake bottles receiving the 
first and second washings remained apparently sterile. Three 
of the corresponding plates contained a very small number of 
distinct colonies which were, without question, contaminants. 

The results of the above washing forward experiments with 23 
filtrates were decisive in that they offered no evidence what- 
soever of filtrability of the Brucella strains employed. 


Experiment III. Use of B. megatherium as test organism in 
further attempts to demonstrate filtrability 


Thus far the search for filtrable forms had been limited to 
bacteria of the Brucella genus. It seemed highly desirable to 
employ test organisms of widely different type. Bacillus mega- 
therium was selected for the following reasons. It is extremely 
pleomorphic under varying environmental conditions, morpho- 
logical variants of almost all sizes and descriptions being formed; 
it elaborates a very active autolytic enzyme or enzymes; and it 
differs from the Brucella species and types in being Gram- 
positive. It should be stated, also, that bacteriophages for 
members of the subtilis group have been demonstrated recently, 
and for B. megatherium, in particular (de Jong, 1931, Cowles, 
1931). 

The following experiment differed also from the preceding in 
that it involved a systematic search for variants which resemble 
the so-called C forms of Kuhn and Sternberg (1931) and G forms 
of Hadley (1931), and attempts to demonstrate filtrability of 
such ‘‘variants.”’ 

The strain of B. megatherium (N) employed was one of two 
laboratory stock strains which have for many years been used for 
study in the class room and in various kinds of research, and have 
all along been regarded as authentic, typical strains of the de 
Bary organism. 
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Cultivation in lithium chloride broth. Lithium chloride broth 
was used for the attempted development of the so-called ‘‘C’”’ 
or ““G”’ forms, as was done by Kuhn, Hadley and others. This 
medium had the following composition: 


Meat extract (double a: hts ee eee. 
Distilled water.. ee eee i ieee | 
Bacto-peptone....... SA eaa dh cen Darth caees - 10% 
Sodium phosphate (dibasic).:...... ee ee 
Lithium chloride.............. ae .-- 0.25% 
gS ee BA et) ba iS ee ee 


The various platings were made on ordinary meat infusion 
agar having a final H-ion concentration of pH 7.1. 

The first lithium chloride broth culture was made directly 
from a thirteen-day old meat extract agar culture held at room 
temperature. Two parallel series of lithium chloride broth tubes 
were carried, one incubated at 22°C., the other at 37°. At no time 
was there any evidence of the formation of “‘C”’ or “‘G’’ colonies 
in the 37° series, the colonies always appearing more or less 
normal or typical on the standard agar. The present discussion 
will be limited, therefore, to the results obtained with the 22° 
series. Loop transfers were made to new lithium chloride broth 
at twenty-four- or forty-eight-hour intervals, until 65 such pas- 
sages were made. At the time of every forward transplant two 
agar plates were streaked with a loopful of the culture, by the 
dilution method. 

Filtrability determinations were made with plates on which 
small colonies were observed. The first appearance of small agar 
colonies occurred after the tenth passage through lithium chloride 
broth. These colonies were microscopic after two days’ incu- 
bation, and remained so until they underwent autolysis. In the 
same platings the large usual type of colony was also present. 
After the next passage (eleventh) only microscopic colonies were 
observed at the end of twenty-four hours’ incubation at 22°C. 
During further incubation at this temperature, however, many 
of the minute colonies became macroscopic. After forty-eight 
to seventy-two hours the plates contained colonies of various 
sizes ranging from the most minute (microscopic) to the usual 
so-called normal. 
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Six of the smallest macroscopic colonies from the eleventh pas- 

sage plates were transferred to fresh agar plates and the plates 

_* incubated at 22°C. Two of these six new plates developed no 
growth; on a third only two colonies were observed; in the remain- 
ing three good uniform growths appeared throughout the plates. 
In other words, two colonies out of six in the eleventh transfer 
series plates were non-viable, one practically so, and three dis- 
tinctly viable. None of these six plates revealed any microscopic 
colonies. All of these six plates were employed in filtration ex- 
periments to be described presently. 

No microscopic colonies were again seen until the 18th lithium 
chloride passage. When the plates prepared from these tubes 
were forty-eight hours old there were numerous microscopic and 
only 5 or 6 macroscopic colonies, which varied in size from pin 
points to normal. After another day’s incubation (three days at 
22°C.), six microscopic colonies were transferred to 20 cc. meat 
infusion broth, pH 7.6, with the aid of a micro-manipulator. At 
the end of forty-eight hours’ incubation the broth tubes had the 
following appearances. In four of the tubes there was a very 
slight sediment. The remaining two had a slight to moderately 
heavy sediment which consisted of large and fine flakes which 
broke up readily on shaking. 

Following the usual criteria for viability, it might be assumed 
that four of the colonies were non-viable. However, the ordinary 
criteria are perhaps not sufficient in research of this kind. The 
direct observations on the production of small colony variants 
were followed by a series of filtration and washing-forward ex- 
periments. Before these are discussed it should be stated that 
no minute agar colonies were again observed after the eighteenth 
passage through the lithium chloride broth, although 47 further 
passages were made, a total of 65. There were no breaks (sterile 
plates) in the series of 47 passages, and on all of the platings from 
the different tubes only the usual, “normal” type of colony 
developed. 

It would appear from these observations that the continuous 
exposure to the 0.25 per cent lithium chloride had eliminated the 
types which were particularly susceptible to the lithium chloride 
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and had stimulated the development of a strain or strains that 
were particularly resistant to this chemical agent; that is, a type 
which had acquired increased tolerance for the lithium salt. 

Filtration and washing-forward experiments with B. megatherium. 
This phase of the investigation was closely bound up with the 
attempts to develop so-called ““G”’ or ‘‘C”’ forms. 

One of the agar plates which were inoculated (streaked) after 
the 11th LiCl pasage, and which developed numerous micro- 
scopic colonies, was covered, when three days old with about 25 
ec. of sterile diluted broth. After standing for ten to twelve 
minutes, the surface of the agar was rubbed with a platinum 
wire and the resulting suspension filtered through an L; Cham- 
berland candle. The filtrate was clear and remained so during 
a period of eleven days, while held at 22°C. in the dark. This 
filtrate was included among the 17 which were used in the wash- 
ing-forward trials which constituted the main part of this experi- 
ment. 

Of the 16 other filtrates employed, 8 were prepared from sterile 
broth tubes, as checks on the rest, and 6 were filtrates derived 
from minute colonies developing on agar plates which were 
inoculated with the lithium chloride cultures after the 18th 
passage through the chloride broth (see above). The minute 
colonies were transferred to meat infusion broth and the broth 
cultures filtered when they were forty-eight hours old. These 
filtrates constitute the six referred to above. The remaining 
2 out of the 17 filtrates differed from the 6 in that they were pre- 
pared by washing entire plates made up of minute colonies. 

The 17 filtrates may be classified briefly, then, as follows: 


Derived from small colonies (entire plate) after 11th LiCl passage.... 1 

Derived from small colonies after 18th LiCl passage (6 from individ- 
ual colonies, and 2 from entire plates)... .. = 8 

Sterile meat infusion broth tubes (controls)........ 8 


All of these filtrates were tested in the usual manner for via- 
bility, and in no instance was there any evidence of the presence 
of viable forms after six days of incubation or holding at 22°C. 
A very slight sediment was observed in 12 of the filtrates, and a 
pronounced granular sediment in 4 others, after two days, but 
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these occurred in the filtrates from the sterile broth in the same 
proportion as in those which were derived from the minute 
colonies. One filtrate remained clear. 

Washing forward of the filtrates. The 17 filtrates were washed 
forward through 11 series of Petri plates and Blake bottles, by 
the procedure described earlier in this paper The plates and 
bottles were examined after definite and varying periods of incu- 
bation at 22°C. the former with the aid of the microscope. Of the 
187 Petri plates and Blake bottles treated with filtrates, 34 were 
held over a total period of six days, 17 nine days, 34 ten, 17 
thirteen, 17 seventeen, 17 eighteen, 17 twenty, 17 twenty-one, 
and 17 twenty-three days. 

The results may be summed up briefly by stating that the 
search for filtrable forms of B. megatherium failed to furnish any 
evidence of the existence of such forms. 

Most of the plates and bottles were examined as early as the 
third and fourth day following their treatment with filtrate. Of 
136 Petri plates studied at this time 24 contained visible colonies, 
of which 12 were molds, 11 bacterial forms, and one both mold 
and bacteria. These were evidently air contaminants, as shown 
by the negative findings of all but two of the corresponding 
bottles. In one of the two positive Blake bottles the growth was 
rapid and heavy, and in the other it was due to an organism which 
failed to appear in the subsequent platings. 

Of the 187 bottles (11 serial passages) examined at the end 
of the holding or incubation period, 168 gave no indication of 
growth of any kind. Of the 19 which showed colonies, 14 con- 
tained: what appeared to be ordinary air molds, and 5 bacterial 
forms. Three of the five bacterial growths were the same in 
three different series; they consisted of numerous minute sea- 
urchin colonies resembling those of Actinomyces. One of the 
remaining two positive Blake bottles contained numerous yellow- 
white colonies, and the other a thick luxuriant surface growth. 

On the other hand, 141 of the 187 corresponding Petri plates 
contained growths, of which 89 were either molds or molds and 
bacteria, and 52 bacterial forms only. That these growths were 
contaminants which gradually found their way into the plates 
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must be accepted without question, especially since only three 
of the corresponding Blake bottles revealed similar growths. 

The degree of contamination which took place in the Petri 
plates was in all probability favored by holding them in an 
incubator which contained more than the usual amount of atmos- 
pheric moisture. In subsequent experiments this condition was 
obviated as much as possible by selecting a relatively dry incuba- 
tion chamber. 

In many of the earlier agar plates, and especially the first 
series, there was again observed a very delicate surface film where 
the filtrate or washings spread over the agar. This was of no 
significance, however, since it occurred on plates derived from 
sterile broth (control) tubes in apparently the same proportion 
as in those which came from B. megatherium broth cultures. 


Supplement to experiment III 


This phase of the general study differed materially from experi- 
ment III proper only in that the exposures of the organism to 
lithium chloride were made at 28°C., instead of 22° and 37°, and 
in that it did not include washing forward of plates. 

The agar medium for plating contained commercial meat 
extract, in place of meat infusion, which was employed in the 
preceding experiments. The amount of lithium chloride in the 
infusion broth was the same as before, namely 0.25 per cent, and 
the same organism (B. megatherium N) was again used. Twenty- 
six successive exposures to the lithium salt were made, all at 28°C. 
The twenty-six different transfers to new lithium chloride broth 
were carried out at twenty-four-hour intervals, except in three 
instances when two days elapsed. 

After the first seven serial transfers were made they were all 
streaked for the first time on plain agar, two plates being streaked 
by the dilution method from each culture tube. Thus, the time 
of exposure of the different tubes varied from one to nine days. 
The agar plates were held at 22 to 25°C. 

All of the 14 plates revealed small so-called normal colonies, 
except one of the two plates prepared from the first exposure tube. 
In this plate there were numerous minute, round, delicate colonies 
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which were at first regarded as so-called “ colonies. They 
appeared on the second dilution plate. Further observation, 
however, convinced the writers that they were contaminants. 
The other one of the two plates inoculated from tube 1 (first 
exposure) contained no colonies of this type, and only what ap- 
peared to be ordinary megatherium colonies. The contaminant, 
if it was such, was a small to medium-sized, rather thick rod. 

Nineteen additional serial transfers were made to lithium 
chloride broth at one- and two-day intervals, and the cultures 
plated. No colonies were observed at any time on the agar 
plates which in the least resembled what have been described by 
Hadley (1931) as “G” form colonies. The growths on all of 
the plates were those of ordinary B. megatherium. In the entire 
series of transfers (27) no break or interruption occurred, due to 
inhibitive action of the lithium chloride, and at no time could a 
so-called ‘““G”’ form of B. megatherium or anything approaching 
it be demonstrated. 


Experiment IV. Attempts to demonstrate filtrable forms of bacteria 
in raw sewage 


On account of the ease with which bacteriophage can be dem- 
onstrated in ordinary city sewage, and because of the occurrence 
of many different bacterial types and species in sewage, this 
material was selected for the two following filtration trials, one 
with, and the other without, the addition of Brucella cultures 
to the raw sewage. 

In the first part of this experiment a liter of unfiltered (almost 
clear) city sewage was enriched with 3 grams of meat extract and 
10 grams of peptone, and the H-ion concentration adjusted to 
pH 8.0. The washings of three twenty-four-hour slant-agar 
cultures of six different strains of Brucella (two of Br. abortus and 
four of Br. melitensis), were added to the enriched sewage. 
After incubation for from twenty to twenty-two hours at 34°C., 
the material was subjected to filtration through L; Chamberland 
candles. 

Seven different filtrations were made under partial pressures 
varying between 100 and 575 mm. The total time allowed was 
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one hour. The amounts of filtrate varied between 6 and 15 ce. 
The seven separate filtrates were held at room temperature; 
they were examined immediately, and three, seven, twelve and 
seventy days after passage through the candles. 

In all but one of the filtrates a fine granular precipitate began to 
form immediately. After three days granular precipitates were 
observed in all of the tubes, the sediment varying from slight 
to moderately heavy. In the two which contained the largest 
amount of precipitate there also developed an oily film. Little 
further change was noted until later in the holding period, when 
the filtrates were more or less dried down. 

No definite evidence could be obtained of the presence of 
viable cells in any of the filtrates, even those which possessed 
appreciable amounts of granular deposit. One of the two tubes 
which developed the most pronounced clouding and sediment 
was subjected to an intensive viability study. When the filtrate 
was five days old from three to four drops of the material were 
transferred to the following media, in duplicate: ordinary and 
alkaline infusion agar, glucose infusion agar, savita agar, tomato 
agar, extract broth, infusion broth, glucose infusion broth, alka- 
line infusion broth, lactose broth, casein digest—CaCO, broth and 
savita broth. These duplicate sets of tubes were incubated, one 
at 22° and the other at 37°C., and examined at the end of one, 
two, three, seven, nine, and thirty-three days. Both sets were 
then held for another thirty-three days at 22°C. No apparent 
growth took place in any of these media. 

In addition to the search for cultural evidence of viability, 
microscopic examinations were made of the deposits which formed 
in the different filtrates. The slides revealed only an amorphous 
and structureless mass of material which bore no resemblance to 
bacterial cells of any known type. The conclusion that bacterial 
cells did not constitute any part of the sediment seemed fully 
warranted. 

A second filtrability study was conducted on raw city sewage; 
this sample was collected after heavy rains. To one liter of the 
fresh sewage were added meat extract (0.3 per cent) and com- 
mercial peptone (1.0 per cent). After 18 hours’ incubation the 








312 LEO F. RETTGER AND HAZEL B. GILLESPIE 


material was filtered through L,; Chamberland filters. Agar 
plates prepared at the time of filtration gave a count of 75 million 
at 37° incubation and 65 million at room temperature. Ps. 
fluorescens, coli-aerogenes and subtilis group organisms were 
prominent on the plates. 

Of six filtrates that were prepared from the enriched, incubated 
sample of sewage, three were clear immediately after filtration, 
one was slightly turbid, and two contained a slight film and a 
moderate amount of finely granular material. After twenty- 
four hours’ holding at room temperature, all had developed a 
distinct sediment. Not much change took place up to the sixth 
day. The filtrates were held sixty-three days for examination, 
by the end of which time considerable drying down had taken 
place. 

This part of the study of raw sewage differed materially from 
the preceding in that no bacterial suspensions were added to the 
collected sample, and in that less pronounced sediment formation 
occurred in the filtrates than was observed in at least two of the 
filtrates in the earlier search for filtrable forms in sewage. 

The results, like the previous ones, gave no evidence, whatso- 
ever, of the occurrence of viable forms of bacteria in any of the 
filtrates. They further emphasize the necessity of guarding 
against hasty and faulty conclusions based on the presence of a 
sediment or turbidity in filtrates. 


DISCUSSION 


Attention is called to a well-defined cell envelope in cultures of 
Bacillus megatherium which have undergone pronounced autoly- 
sis. These envelopes appear like flattened sausage skins. They 
are more or less rigid or firm, and seem to have resisted completely 
the action of the autolytic enzymes. While they should not be 
regarded as evidence of the existence of a highly specialized 
membrane or wall on all bacteria, or even on B. megatherium in 
its normal active development, it would seem that they must 
have had their origin in a structure which, though quite delicate, 
had the general properties of a distinct cell envelope. 

B. megatherium lent itself admirably to the study of pleomor- 
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phism. Differences in composition of the medium, temperature 
and length of incubation brought about marked differences in 
morphology. The pleomorphism was extremely varied, as is 
shown in the illustrations. In spite of the very large number of 
morphological types, few of them bore any close resemblance to 
the variant forms of B. megatherium observed by Petschenko, who 
referred to different types as sporoids, microcysts, arthrospores, 
branched and bottle forms, gonidangia, gonidia and ameboid 
forms. 

The great multiplicity of morphological types observed by 
Petschenko and by the present writers cannot all represent differ- 
ent stages in a definite life cycle; this being so, is it not pertinent 
to ask if indeed any of them need play such a réle. Attempts 
were made to determine the relative viability of some of the 
more regular and certain of the extreme elongated clubbed and 
branching types, by following their cellular development under 
the microscope. These attempts were successful in only a few 
instances in so far as the unusual types were concerned. This 
study is to be continued on a more intensive scale. 

Variations in morphology may be induced readily in some 
organisms by only slight chemical changes in the medium. One 
of the most recent examples of such variation is that reported by 
Dunlop and Maitland (1932), who readily brought about very 
pronounced pleomorphism in a strain of Proteus vulgaris which 
had been isolated from a case of cystitis, by alteration (increase 
or decrease) of the sodium chloride content. The morphology 
was practically constant in repeated subcultures on any one type 
of medium. In spite of the wording of the title, no claim is made 
for the existence of a life cycle. 

Notwithstanding the ease with which changes can often be 
induced in the morphology and cultural characters of bacteria by 
changes in environment, we cannot escape the conclusion that 
bacteria are remarkably stable. Some 50 or more stock cultures 
in the Yale Laboratory of Bacteriology have been in the collection 
for from twenty to thirty years. During practically this entire 
period they have been grown on plain meat extract agar, transfers 
to a new medium having been made about once a month, on an 
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average. In all these years no apparent changes in morphology 
and in cultural characteristics have taken place, except a gradual 
loss of spore-producing power in a strain of B. subtilis, occasional 
slight changes in fermentation and indol-producing properties, 
and, of course, more or less reduction or loss in virulence of the 
originally pathogenic strains. Furthermore, little tendency to 
changes from the 8 to R, or R to §, types has been noted. 

The filtrability experiments reported here failed to lend any 
support to the view held in many quarters that bacteria pass 
through a definite life cycle one phase of which exists in a filtrable 
form. The very few instances in which organisms which bore a 
close resemblance to the test organism appeared in the filtrate 
cannot be regarded as having any significance, in view of the 
ease with which contamination of the filtrate may be brought 
about, and of the extreme requirements demanded of a filter and 
of the entire filtration technique. 

Throughout the present investigation, efforts were made to 
control the experiments as, for example, by the use of sterile 
uninoculated broth filtrates as a check on the culture filtrates, 
and of Blake bottles run as duplicates along with the agar plates. 
If agar plates alone had been employed, very misleading inter- 
pretations of growths obtained on them would have resulted. 
Similarly, faulty conclusions would have been readily drawn 
from the various experiments if uninoculated (sterile) broth and 
broth filtrates had not been carried as checks on the Brucella and 
B. megatherium cultures. Finally, Chamberland filters of differ- 
ent porosity were used in the same experiments with Berkefelds. 

Seven different organisms were employed, namely six strains 
(3 types) of Brucella, and one strain of B. megatherium which 
was highly pleomorphic and autolytic. The investigation in- 
volved the cultivation and transfer of organisms in meat-extract 
broth, and incubation for varying periods, growth and frequent 
transfer in liquid medium containing lithium chloride, washing 
forward from plate to plate or from Blake bottles to Petri plates, 
and filtration through Chamberland or Berkefeld filters. Two 
filtrability experiments were carried out with raw sewage. 

The clouding of the agar surface of plates to which filtrates 
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were transferred, a phenomenon referred to by certain writers 
as being of extreme significance and explained as a precursor of 
bacterial growth or as a primitive or intermediate form of growth, 
was observed again and again in the present work, but on plates 
that had been treated with filtrates of uninoculated (control) 
broth, as well as on plates which received known culture filtrates. 
According to these observations, such surface films can have no 
significance. This conclusion is supported also by the recent 
observations of Brueckner and Sherman (1932). The films were 
merely the dried residue of the broth or broth culture filtrates, 
and in a measure would correspond to a similar delicate film that 
is left on a glass slide to which a few drops of sterile nutrient 
broth have been applied and allowed to dry. 

The negative results obtained in the present attempts to dem- 
onstrate filtrability of bacteria are not conclusive evidence of the 
non-filtrability of bacteria. They do indicate, however, that if 
bacteria occur in a stage or stages which are filtrable, the dem- 
onstration of such filtrability is not as easily accomplished as some 
investigators would have us believe. 

That some organisms are highly pleomorphic, and even manifest 
themselves as granules at times, does not of necessity constitute 
evidence of their possessing a definite life cycle, any more than 
that the salamander, which has the ability to regenerate its own 
tail, must of necessity go through this process in order to perpetu- 
ate its own species. 

All must admit that the question of life cycle and filtrability 
of bacteria is a highly controversial one. The literature support- 
ing the positive view is voluminous, as the publications of Léhnis 
(1921), Hauduroy (1929), Arloing and Dufourt (1925-1928), 
Durand (1924-1926), Hadley (1931), Kendall (1931) and many 
other investigators show. On the other hand, the array of 
opposing evidence is perhaps equally impressive, as a review of 
the various publications and bibliographies of recent investigators 
like Cooper and Petroff (1928), Thompson and Frobisher (1928), 
Pinner and Voldrich (1931), Schmidt (1930, 1931) and Kliene- 
berger (1930, 1931) will reveal. 
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CONCLUSIONS 

Bacillus megatherium is extremely susceptible to changes in 
environment, giving rise to morphological types which vary over a 
wide range from the more nearly ‘“normal’’ to most extreme 
forms. On the transfer of cultures which have undergone such 
cellular transformation to the usual fresh culture medium, the 
organism again assumes its regular cell outline and orientation. 

In old cultures pronounced autolysis is another outstanding 
feature, and at times empty cells may be seen which resemble 
flattened tubes or “‘sausage skins,”’ and which are firm and highly 
resistant to mechanical injury. These must be regarded as 
definite cell envelopes or membranes. 

Repeated attempts to demonstrate the occurrence of a filtrable 
phase or phases in Bacillus megatherium, Brucella abortus and 
melitensis, and the organisms commonly present in raw sewage 
resulted in failure. 
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PLATE 1 
Microphotographs of Bacillus megatherium showing the influence of medium, 
temperature and length of incubation on cell morphology. Congo Red negative 
stain. X 1000. 
Fig. 1. Plain meat extract agar; twenty-four hours at 22°C. 
Plain meat extract agar; thirty days at 22°C. 
Plain meat extract agar; forty-seven days at 22°C. 


Fia. 2 
Fia. 3. 
Fig. 4. Plain meat extract agar; forty-eight hours at 37°C. 
Fig. 5. Plain meat extract agar; five days at 37°C. 


Fia. 6. Skim milk, casein digest agar; forty-eight hours at 22°C. 
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In an earlier paper (1931) the writer described a pleomorphic 
encapsulated bacillus which was isolated from aural exudate in 
middle ear disease of the albino rat. The organism resembled 
B. actinoides originally isolated from the calf by T. Smith (1918 
and named by him. It showed, however, certain deviations 
from the morphological and physiological characters of the bovine 
bacillus and was classified as a variety of B. actinoides under the 
name muris. In order to compare the serological properties of 
the two bacteria the experiments here described were undertaken. 


THE AGGLUTINATION OF B. ACTINOIDES 


Our first attempts to prepare an antiserum with a demonstrable 
activity for the rodent variety had been unsuccessful because of 
the instability of the bacilli in the presence of salt. This diffi- 
culty was finally overcome by desiccating a repeatedly washed 
suspension of the organism. Upon resuspension in the presence 
of half normal saline solution the dried bacilli were sufficiently 
stable for agglutinative purposes. Antigens prepared in this 
way were used in determining the agglutinin content of antisera 
from rabbits immunized by intraperitoneal injection of washed 
bovine-serum cultures of the two organisms. Five strains of the 
rodent variety and one strain of the bovine bacillus were 
employed.! 

The agglutinin titers of the several antisera for their hom- 
ologous and heterologous antigens are summarized in table 1. 


t The bovine culture of B. actinoides was kindly supplied by T. Smith 
321 
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The antiserum for strain 1 of the rodent variety was drawn after 
five injections, that for strain 5 after nine injections. The type 
of clump was essentially granular throughout but by reason of 
incorporated capsules and filaments was less compact than in the 
usual somatic agglutination. The rodent variety antisera that 
were tested with both organisms showed a significantly higher 
agglutinin titer for the homologous antigen than they did for the 
heterologous one. Thus, in the case of the most active antiserum 
the limiting dilutions in which agglutination occurred were 
1:3200 and 1:400, respectively. The antiserum for the bovine 
organism, on the other hand, agglutinated both antigens through 
the same dilution, 1:800. The intensity of the reaction, how- 


TABLE 1 


The agglutinin liters of antisera for B. actinoides of rodent and bovine origin 


NATURE OF ANTISERUM TITER LIMIT FOR | TITER LIMIT FOR 
RODENT ORGANISM BOVINE ORGANISM 


Rodent strain 1 1:800 

Rodent strain 2 1:1,600 

Rodent strain 3 1:1,600 1:200 
Rodent strain 4.. 1:1,600 1:200 
Rodent strain 5 1:3,200 1:400 
Bovine strain 1 1 1:800 


* Strains 1 and 5 of the rodent variety were tested. 


ever, as judged by the amount of sediment and the turbidity of 
the supernatant was greater for the bovine organism than for the 
two strains of the rodent variety. 


THE EFFECT OF SPECIFIC ANTISERUM ON THE GROWTH OF B. 
ACTINOIDES 


A preliminary experiment was undertaken with the rodent 
variety to determine whether its antiserum possessed any growth- 
inhibiting property. Development of the organism in freshly 
drawn, undiluted, immune serum was compared with that in 
normal rabbit serum. After forty-eight hours at 37°C. there was 
an excellent macroscopic growth in both sera. In the normal 
serum bacilli and filaments were, as usual, arranged chiefly in 
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clumps together with capsules of varying size and shape In 
the immune serum, however, the typical bacterial cells were 
largely replaced by spherical bodies. After seven days at 37° 
every field showed a preponderance of these forms arranged 
either as single units or in aggregates. The microscopic char- 
acters of the rodent variety of B. actinoides in normal rabbit serum 
and in rabbit antiserum are shown in figures | and 2. 

The spherical bodies varied considerably in size, ranging from 
forms only slightly larger than a single bacillus to large spheres 
10u or more in diameter. In some cases minute bodies were 
attached to the periphery of a large form, giving the appearance 
of budding. The aggregates were commonly made up of bodies 
of a uniform size. In some cases the disappearance of the limit- 
ing membranes between contiguous spheres had resulted in a 
partial coalescence. The spherical bodies were more opaque 
than the capsules and more constant in shape. The double 
peripheral wall which was often visible around the capsules was 
lacking. In most instances no internal structure could be made 
out but at times one or more spherical zones of a different re- 
fractive index were visible, giving a vacuolated appearance. 
The clumps rarely showed capsules but in some cases compact 
masses of bacilli separated the spherical bodies. 

The preceding experiment was repeated with varying concen 
trations of normal and immune serum. One cubic centimeter 
amounts of undiluted serum and of 10, 1, and 0.1 per cent dilu 
tions, in nutrient bouillon, were employed. In both series the 
organism showed a graded growth through the 1 per cent dilu 
tions and failed to grow in the 0.1 per cent dilutions. Spherical 
bodies were found only in the presence of immune serum. They 
predominated in the undiluted serum, were searce in the 10 per 
cent serum, and were not found below that dilution. In the 
undiluted immune serum the amount of sedimentary growth was 
noticeably greater than in normal serum and the individual 
aggregates were also larger. 

During the first seven days at 37°C. there was a progressive 


- The microscopic observations were made from unstained preparations either 
as hanging drops or as moist cover-slip mounts 
ran 
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“ 
Fig. 1. B. actinoipes Variety mMuris. LarGe Ciump or Bacitur with Cap- 

SULES FROM A SEVEN-DAY-OLD NoRMAL Rappir Serum Cuiture. 500 
hic. 2. B. acTino1pes VARIETY MURIS. CLUMPS OF SPHERICAL Bopies TOGETHER 


with BactILLI FROM A SEVEN-DAY-OLD Rarpit ANTISERUM CULTURE. 500> 
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increase in the size and number of the spherical bodies. There 
was no further change in the microscopic character of the cultures 
in immune serum. When subcultures were made in normal 
serum, during the first week a typical bacillary growth was ob- 
tained. The amount of inoculum necessary to secure growth was 
somewhat larger than in the case of a normal serum culture. If 
subcultures were made in immune serum the atypical growth was 
continued. There was some variation among the several anti- 
sera in the proportion of normal cells to spherical bodies and 
also in the mean size of these bodies. The amount of sedi- 
mentary growth was influenced by this ratio and varied 
accordingly. 

The same atypical growth occurred in antisera that had been 
heated to 55°C. for one hour and also in aged sera. It also oc- 
curred in an antiserum from a rabbit immunized with a strain 
of the rodent variety that had been cultured in normal rabbit 
serum since its isolation. This precaution was taken to eliminate 
the possible effect of minute amounts of bovine serum present in 
antigens prepared from the usual cultures. The spherical bodies 
were not found in cultures grown in rabbit anti-horse serum with a 
precipitin titer of 1:10,000 nor in rabbit anti-B. aertrycke serum 
with an agglutinin titer of 1:25,000. 

Observations were also made on B. actinoides of bovine origin 
to determine whether its antiserum was similarly reactive. The 
organism was grown in undiluted antiserum at the base of 
coagulated bovine serum under a cap of sealing wax. After 
seven days at 37°C. there was a greater amount of sediment and 
the granules comprising it were larger than in normal rabbit 
serum. ‘The microscopic picture was essentially the same as that 
described for the rodent variety. Spherical bodies predominated 
over the usual bacilli and capsules. 

The rodent and bovine organisms were both grown in their 
heterologous antisera. In neither case was the amount of 
growth significantly greater than in normal rabbit serum. Mi- 
croscopically, however, there was evidence that each antiserum 
exerted a slight degenerative effect on the heterologous organism. 
The cultures consistently showed a few aggregates of typical 
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spherical bodies. These were always outnumbered by clumps 
composed of normal bacilli and capsules. 
DISCUSSION 

By using a suitable test antigen, in which spontaneous floccula- 
tion was reduced to a minimum, it was shown that rabbit anti- 
sera for B. actinoides and its rodent variety were serologically 
active. As judged from the reciprocal agglutination tests, the 
two organisms contain antigenic components whose difference 
appears to be merely quantitative. The antiserum for the bovine 
organism agglutinated both varieties through the same limiting 
dilution. The rodent variety, however, was somewhat less 
agglutinable in the bovine antiserum than was the homologous 
antigen. The antiserum for the rodent variety, on the other 
hand, agglutinated the bovine antigen through a much lower 
dilution than it did the homologous suspension. The rodent 
variety appears to be deficient in one of the antigenic components 
which the bovine variety contains in nearly equal proportions. 
A more exact antigenic analysis of the two organisms is limited 
by the scarcity of strains and by the difficulty in obtaining any 
considerable amount of test antigen. The present findings, 
however, are sufficiently comprehensive to indicate a similarity 
between the two organisms which stops short of complete identity. 

Unlike most inactivated bacterial antisera, those for the two 
varieties of B. actinoides exert a profound immediate effect on 
their growth when incorporated into the culture medium. The 
reaction which is characterized by the appearance of spherical 
bodies may be termed a ballooning degeneration. The spherical 
bodies appear to be swollen bacilli and not simply degenerated 
capsules. Judged from the amount of growth which takes place 
in the presence of antiserum, multiplication of the bacilli is not 
appreciably affected. The degenerative reaction appears to be 
limited to B. actinoides antisera but is not strictly specific, since 
antisera for both organisms exert a slight effect on the heter- 
ologous culture. 

It seems probable that some factor present in the antiserum 
which is taken up by the cell results in an injury to its membrane 
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and alters its permeability. The reaction is suggestive of the 
swelling which occurs in some bacteria under the influence of 
bacteriophage except that it is not terminated by lysis. It is not 
known what the actual stimulus is but there are objections to 
attributing it to the usual antibodies. The antiserum for the 
bovine variety agglutinated both organisms through the same 
limiting dilution but exerted only a slight effect on the growth of 
the rodent variety. In the case of the rodent variety antiserum, 
moreover, the most active one had the lowest antibody titer. 
Complement is certainly not involved since the degeneration 
occurs in heat inactivated and aged antisera. The degeneration 
is more readily attributable to some metabolic process than to the 
simple absorption of an antibody. 


SUMMARY 


Suspensions of B. actinoides of bovine origin and of its rodent 
variety made from washed and desiccated bacteria were found to 
be sufficiently stable for agglutinative purposes. A_ rabbit 
antiserum for the rodent organism agglutinated a suspension of 
the homologous variety through a dilution of 1:3200 and of the 
heterologous variety through a dilution of 1:400. An antiserum 
for the bovine organism agglutinated both suspensions through a 
dilution of 1:800. The bearing of these findings on the relation- 
ship of the two organisms is considered. 

Both organisms showed an atypical growth, characterized by a 
predominance of spherical bodies, in homologous antiserum at the 
base of slanted agar. Cultures in heterclogous antiserum showed 
only an occasional group of similar forms. The nature of this 
degenerative reaction is discussed. 
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In the course of a rather comprehensive study of the fermenta- 
tion of organic acids by intestinal bacilli, a perfect correlation was 
found in the Aerobacter-Escherichia group between the fermen- 
tation of sodium malonate and the production of acetyl-methyl- 
carbinol. The correlation seems to be not only qualitative but 
quantitative as well. A bacillus which gives a weak acetyl- 
methyl-carbinol test also ferments sodium malonate slowly, and 
one which gives a strong acetyl-methyl-carbinol test ferments 
sodium malonate rapidly. 

It was thought at one time that perhaps acetyl-methy|- 
carbinol might be formed from malonic acid. In no case, how- 
ever, could any demonstrable amounts of acetyl-methyl-carbinol 
be produced from sodium malonate. Outside of the Aerobacter- 
Escherichia group the correlation between the production of 
acetyl-methyl-carbinol and the fermentation of sodium malonate 
is not so perfect. In our collection there are three strains of 
bacteria having the fermentation reaction of the Salmonella 
group and which are acetyl-methyl-carbinol positive. One of 


these produces indol and does not ferment sodium malonate. 
The other two are indol-negative and ferment sodium malonate. 
There are also in the collection a number of strains of non-gas- 
producers of various kinds which are acetyl-methyl-carbinol 
positive, but which do not ferment sodium malonate, and vice 


versa. 
The sodium malonate medium has been used routinely in con- 
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junction with the Voges-Proskauer medium for the last year in 
the diagnosis of autopsy cultures. Our autopsy bacteriologist 
has always found a perfect correlation between the two tests. 
Recently a Gram-negative bacillus was isolated from the colon of a 
patient, and this bacillus gave a positive acetyl-methyl-carbinol 
test but did not ferment sodium malonate. It gave a negative 
indol test and fermented sodium citrate. This bacillus is the 
only strain we have encountered so far which has the main physio- 
logical reactions of Aerobacter, but which does not ferment sodium 
malonate. 
The composition of the medium is as follows: 


(NH,)280, a 5 i al se tee 2 grams 
K,HPOQ,.... eae nad ee .. 0.6 grams 
KH,PO, , ; MYeEe .. 0.4 grams 
NaCl a ; 2 ay 2 grams 
Na malonate j I a lsh dar Siac hasta ee aah oe 3 grams 
Indicator (0.5 per cent alcohol solution of B.T.B.)............ 5 ee. 

Distilled water....... nie 3p Ripe Ee ie . 1000 ce. 


The phosphates adjust the pH to a medium green color with 
the B.T.B. indicator. Aerobacter grows fairly well on the 
medium and turns it blue. Escherichia does not grow appre- 
ciably and leaves the medium green. 
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In the first paper of this series (1932) we presented a mathe- 
matical treatment of the dilution method of estimating bacterial 
populations. In addition to a brief review of the work that had 
been done on this problem, we developed equations that could be 
used for the evaluation of the most probable number of organisms 
from the number of tubes that show no growth, either when a 
series of tubes is inoculated with a single dilution or when several 


series of tubes are inoculated with different dilutions. Tables 
were also presented to facilitate the solution of these equations. 
In the first paper, however, there was no consideration of the fac- 
tors which determine the accuracy of the results. In the present 
paper we wish to consider the accuracy of data obtained by using 
a series of tubes inoculated with a single dilution. 

This problem has been considered by several of the earlier 
workers, particularly MeCrady (1915), Stein (1919), Greenwood 
and Yule (1917), Reed (1925), and Wohlman and Weaver (1917). 
All these investigators have pointed out that the accuracy of 
dilution data depends largely upon the number of tubes used, and 
that to get results which are at all reliable it is necessary to use a 
comparatively large series. Stein, for example, has pointed out 
that if 365 tubes are inoculated with 1 ec. each, the error may be 
as large as 50 per cent. We believe, however, that in the case of 
a single dilution the accuracy depends not only on the number of 
tubes inoculated but also upon the bacterial population. It is 
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the object of this paper to show how this population, as well as 
the number of tubes, influences the accuracy of the results. 

One must bear in mind from the start that the problem may be 
approached from two different points of view. If one inoculates 
a series of tubes with one or more dilutions of a suspension of bac- 
terial culture, a certain combination of tubes showing growth 
and no growth will be obtained. It is conceivable that this same 
combination might also have been obtained from a suspension 
containing a different number of organisms per cubic centimeter. 
If, therefore, one had at his disposal a large series of suspensions 
each containing a different number of organisms per cubic centi- 
meter and made a large number of determinations on each, he 
would be able to determine from this mass of data how frequently 
a particular combination could be obtained from the various bac- 
terial suspensions. He could then plot a curve showing how the 
frequency of this combination would vary with the bacterial 
population. Of course it is obvious that such an experiment 
would be impractical, but theoretically it is possible to calculate 
such a frequency distribution. Having developed the equation 
for this curve, one can determine the relative accuracy of the 
results for any particular combination of tubes which show growth 
and no growth. A different curve would thus be obtained for 
every possible combination. In order to estimate the accuracy 
for any one, all the curves or the equations for all the curves would 
have to be available. This is essentially the principle used by 
MeCrady (1915) in his treatment. The equations are in them- 
selves rather complex, and when several dilutions are used, there 
are so many possible equations that this method of estimating 
the accuracy becomes very cumbersome and impractical. 

Another method of attacking the problem is to imagine a large 
series of determinations on a single suspension resulting in many 
different combinations of tubes showing growth and no growth. 
Some combinations would naturally occur oftener than others, 
and one could then calculate the most probable number of organ- 
isms corresponding toeach. This would be recorded as the experi- 
mental result. If these hypothetical results are plotted on a 
graph in which one axis represents the bacterial population and 
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~~ 
we 


the other the frequency of occurrence, a frequency distribution is 
obtained. The mode of this will represent the actual population 
in the suspension and the range will indicate the variation in ex- 
perimental results that may be expected in a single determination. 

We prefer to use the latter method, and feel that although it 
may be more complex in its development, it eventually leads to a 
much simpler method of application. 

In the case of a single dilution in which many tubes are used, 
it is possible to evaluate the frequency distribution from which 
the standard deviation and coefficient of variation may be calcu- 
lated. If a tube is inoculated with a cc. of a suspension contain- 
ing x bacteria per cubic centimeter, the probability of getting no 
growth is e~*7, and the probability of getting growth will be | 
e~**, If n such inoculations are made, the total probability will 
be expressed by the binomial 


“Ge . —azin 
le +1—-<« 


If this binomial be expanded, and the terms numbered in serial 
order, as for example: 


f —azr\n —az\n — 1 - nin — 1) le ) “(1 
le y+ nl ) ‘a—-¢ ) 


0 l 2 3 
and if these terms are plotted along the horizontal axis, and the 


frequency along the vertical axis, the standard deviation of this 
distribution will be given by the expression 


o=Vne (1 aia 


The use of this expression is illustrated by the following example. 
Let us suppose that 100 tubes are each inoculated with 1 cc. of 
a certain bacterial suspension, and that 52 of the tubes show no 
growth, and 48 show growth. In this case 


e ” = 0.52, l—e¢ ” = 0.48, 


Then 


o = 100 X 0.52 x 0.48 = 44.99 
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In other words, a variation of 5 tubes more or less showing growth 
can be regarded as the standard deviation when 100 tubes are 
inoculated with a single dilution. Fifty-two tubes showing no 
growth corresponds to 0.65 bacteria per cubic centimeter while 
47 tubes showing no growth would correspond to 0.755 bacterium 
per cubic centimeter, and 57 tubes showing no growth would 
correspond to 0.560 organism per cubic centimeter. A standard 
deviation, then, of 5.0 would correspond to a deviation in bac- 
teria per cubic centimeter of from 0.560 to 0.755, with 0.650 as 
the most probable number. 

In the use of the above formula one must bear in mind that 
unless the values of e~** and (1 — e-**), as obtained experiment- 
ally, are determined from a large series of tubes, the standard 
deviation calculated from them is liable to error. It is, however, 
permissible to examine the function n e-** (1 — e-*) to see how 
the standard deviation will vary with the number of organisms 
per cubic centimeter 


is eee —az a es) 
da ag ‘ Nea 

= —1 
dz Sittas2« °° 
da 


=« 0 when e ~ = 0.5 

When e~* = 0.5, the curve has a maximum value. The great- 
est standard deviation in the number of tubes that show growth 
will therefore occur when e~*? = 0.5, or when ax = 0.695. 

It would appear from this that when there are 0.695 organisms 
per unit volume used for inoculation, the least accuracy is ob- 
tained. It is evident that when the inoculum contains, on an 
average, this number of organisms the greatest divergence in the 
number of tubes showing growth will occur; but due to the fact 
that the relationship between the number of bacteria per cubic 
centimeter and the number of tubes that show growth is not a 
straight line relationship, the same state of affairs may not hold 
true for the latter variable. 

The relationship of the accuracy to the number of organisms 
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per cubic centimeter can be illustrated by some specific problems. 
Let us assume that we have three suspensions containing 0.069, 
0.69, and 6.9 organisms respectively. Assume that from each of 
these, 100 tubes of media were inoculated with 1 ec. each. What 
variations could be expected in the experimental results if we 
assume a variation equal to the standard deviation given by 


[= Vne “(1 —« ) ? 


The calculated results are given in the table below: 


RANGE } AS t 
z RANGE OF e* RANGE OF 2 CENTAGE OF 
} per t 
0.069 0.958 to 0.908 0.0431 to 0.0965 77 
0.69 0.550 to 0.450 0.595 to 0.795 29 
6.9 0.004 to 0.000 3.2 to a 0 


It can be seen from these examples that the range of variation 
of x is obtained by finding the value of x corresponding to « 


o og - G . ° 
and to e-* + %. Since e-- = 4 when q is the number of tubes 


nt nM it 
. ( 0 
that show no growth, the above expression becomes / and 
” 
qt+o. , ‘ . ; 
d In the earlier publication it was shown that 
n 
2.3026 n 
s@e@- log 
a q 


The value of x corresponding to the two deviations will therefore 
be given by the expressions 


2.3026 n 2.3026 n 
- - log , and - log 
a qtoa a yo 
vee = . . . = = Ze ‘ 
rhe coefficient of variation (v) can be defined as -. Sub- 


xr 
stituting in the expression the values of x, and x, we obtain 


yp = ——— (1) 
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o 
If we replace — by s in the above, we obtain 
n 


Cr wm GD 8D BD ND met oe eee eee 


400 
450 
500 
550 
600 
650 
700 
750 
000 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
850 
950 
000 
050 
250 
000 
000 
000 


Table of 


oO 


4865 
5200 
5448 
5622 
5735 
5795 
5810 
5787 
5249 
4507 

297 
4080 
3857 
3630 
3399 
3165 
2930 
2693 
2456 
2219 
1982 
1511 
1045 
0816 
0590 
9710 


6877 


coe ffi rents of 


2.30 


TABLE 1 


variation for different values 


n= 10 
= @ 


1.5099 
1.6260 
1.6834 
1.7426 
1.8039 
1.8671 | 
1.9341 
2.0039 
2.4160 | 
2.9584 | 
2.9921 | 
3.1377 
3 
3.4716 
3.6643 
3.8782 
4.1179 
4.3866 
4.6917 
5.0400 
5.4418 | 
6.4658 | 
7.9421 | 
8.9617 | 
| 
| 
| 


3.2966 | 
| 
| 
| 
| 


10.2772 
24.4258 
infinity 


26 e 


log 


112.61 
108 .02 
104.11 
100.91 


5 
90 . 3: 
91.2 
92 .40 
93.67 
95.14 
96.79 
100.88 
106 .26 
109.64 
113.62 
142.01 
infinity 


KeNwrmOwwwwwwnwnwt & oe wo eo He He LS SS PP SP SS SS SS PS 


7009 
8068 
8851 
9404 
9761 
9950 
9998 
9923 
8222 
5877 
5212 
4526 
3821 
3102 
2372 
1634 
O889 
0141 
9391 
8640 
7891 
6402 
4930 
4204 
3491 
0706 
1750 
3408 
8180 


f x 


nm 100 


+o 


q o 


1508 
1631 
1752 
1873 
1994 
2115 
2239 
2364 
8017 
3594 
3747 
3906 
4068 
4236 
4409 
4588 
4772 
4963 
5161 
5365 
5577 
6025 
6508 
6764 
7033 
8222 
5515 
>. 4648 
infinity 


ee ee ee ee ee ee ee ee ee ee ee ee ee 


— 


| 


28 2 
26.3 
25.56 
41 
33 
24 
19 
14 
13 
16 
17 
21 
24 
30 
47 
68 
82 
97 
26.66 
31.21 
46.65 


— 


Ww tS to 
uc or 


th bo bo 


tw t% 


ooo oT 


or or wr or 


bt Ww tO Nh Ww Wh PO 
- yy one > 


oo 


to 


to 


infinity 
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Since 


$y means of equation (2) it is possible to calculate », the 
coefficient of variation for different values of x. This has been 
done for n = 10 and n = 100, and the results will be found in 
table 1. A graphical representation of these results will be 
found in figure 1. 

An examination of this table and graph shows that the point 
of maximum accuracy varies with the number of tubes. With 
10 tubes the maximum accuracy is obtained when 70 per cent of 
the tubes show growth, but with 100 tubes, the maximum 
accuracy is obtained when 78 per cent of the tubes show growth. 

An examination of formula (2) shows that the rate of change 
of v, the coefficient of variation, depends upon the rate of change 
of the ratio “ - +8 Since s decreases as n increases, the rate of 

e - § 

change of this ratio will become less as n is increased. When n 
becomes infinitely large, the ratio will be 1 for all values of x. It 
can be seen from this, that the arms of the curve obtained by 
plotting v against x will approach the z axis as n is increased. 
Since the lowest point in the curve moves toward the larger 
values of x as n is increased, the right hand arm of the curve must 
approach z at a greater rate than the left hand arm. 

The above considerations serve to emphasize the fact that when 
a single dilution is used, it is not possible to establish definitely the 
accuracy without having a priori knowledge of the bacterial popu- 
lation, because the accuracy is dependent not only on the number 
of tubes used but also upon the number showing growth, or the 
bacterial population. This limitation can be largely overcome 
by using several dilutions, the accuracy of which procedure will be 
considered in a paper to follow. 
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Fig. 1. CHANGE IN THE COEFFICIENT OF VARIATION WITH THE BACTERIAL 
PorpuLaTiION Usina A SINGLE DILUTION 


SUMMARY 


Equations have been developed to show how the accuracy of 
dilution data obtained with a single dilution varies with the bac- 
terial population. This variation is illustrated by both tables 
and graphs which emphasize the fact that when a single dilution 
is used, it is not possible definitely to establish the accuracy 
without having a priori knowledge of the bacterial population. 
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This is particularly true when comparatively few tubes are used. 
Theoretically, the maximum accuracy is obtained with a bacterial 
population of approximately 1.2 to 1.5 organisms per cubic centi- 
meter, this range shifting toward the higher values of x as the 
number of tubes is increased. 
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Of the natural biological fermentations, two have received a 
great deal of attention and study—the alcoholic and lactie acid 
fermentations. Of these two processes, the fermentation by or- 
ganisms of the Lactobacillus group would seem to be ideal for the 
study of the mechanism of the breakdown of carbohydrates to 
lactic acid. The quantity of lactic acid produced is large, while 
the amounts of other fermentation by-products are sma!l and the 
process is apparently simple. 

Much of the work done in the study of other biological processes 
has revealed striking similarity in the mechanisms involved. ‘The 
carbohydrates containing hexose units are broken down in nearly 
every instance by animal and plant tissue such as muscle, yeast, 
mycelial fungi and bacteria to intermediate products containing 
three carbon atoms. The work of Neuberg has shown this to be 
methylglyoxal or some closely related substance. Suffice it to 
say that most tissues possess the property of converting this 
substance to lactic acid. Lactic acid bacteria are no exception. 

In a study of lactic acid fermentation by members of the Lacto- 
bacillus group, Fred, Peterson and co-workers have made impor- 
tant contributions to our knowledge of fermentation mechanisms 
in general, by their painstaking analyses of bacterial cultures, and 
particularly in their study of the fermentation of carbohydrates 
by L. pentoaceticus. 

Many members of the Lactobacillus group resemble one another 
culturally so closely that it is often difficult to find differential 
characteristics. However, L. pentoaceticus stands out distinctly 
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as an organism producing large amounts of acetic acid, in addition 
to the lactic acid formed by all members of the group. 

A study of the amounts of the two acids produced (acetic and 
lactic) by L. pentoaceticus shows that the ratio depends upon the 
age of the culture, the supply of carbohydrate and the ease with 
which the organism is able to utilize the sugar. This was demon- 
strated by Fred, Peterson and Davenport (1920) when they ob- 
tained a ratio which varied from 100:520 (volatile: non-volatile 
acid) at fifteen days, 100:305 at thirty days and 100: 115 at seventy- 
five days, in the fermentation of glucose. In the fermentation of 
mannose the ratio was 100:179 at fourteen days and 100:66 at 
thirty-five days. With levulose, ratios of 100:70 at fourteen 
days, 100:62 at twenty-eight days and 100:84 at forty-two days 
were obtained. 

What is true of L. pentoaceticus is doubtless true of the other 
lactobacilli, but to a much more limited extent. Though the 
ratio of volatile acid to non-volatile acid produced increases as the 
age of the culture increases, this increase is much less marked. 

The equation given by Peterson and Fred (1920) for the fer- 
mentation of glucose by L. pentoaceticus is as follows: 


C.H,.0. — CH;CHOHCOOH + CH;CH,OH + CO, (1) 


However, they observed that pentose-fermenting organisms of the 
Lactobacillus type were able to convert sodium lactate to acetic 
acid and carbon dioxide. Hence, the ability of the organism to 
utilize a lactate determines the amount of volatile acid formed 
as an end product of the fermentation. 

The conversion of glucose to lactic acid is an anaerobic process, 
and as such should not require the presence of oxygen nor produce 
carbon dioxide. The change of lactic acid to acetic acid is an 
oxidation, and one may expect one molecule of oxygen to be 
utilized and one molecule of carbon dioxide to be produced, as 
shown in equation (2). 


CH;CHOHCOOH + O, — CH;COOH + CO, + H,0 (2) 


That acetaldehyde is formed as an intermediate stage of this oxi- 
dation is indicated by its accumulation in fermentations in the 
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presence of sulfites. Though sulfite and bisulfite salts are rela- 
tively toxic for the lactobacilli (most organisms of this group will 
grow in the presence of 0.01 per cent of a sulfite-bisulfite mixture 
having a pH of 6.5 to 7.0, but will not develop in 0.1 per cent con- 
centration of these salts), the organisms develop in 0.01 per cent 
concentration of sulfite-bisulfite salts and the latter combine 
rapidly with volatile substances analyzing as aldehydes. How- 
ever, the amount of aldehyde fixed is so small that the fermenta- 
tion is not markedly modified. 

With the formation of acetaldehyde in the fermentation system 
one could expect several side reactions to take place. A Canniz- 
zaro reaction between an aldehyde and a ketone (equation 3) or 
simply between two molecules of acetaldehyde (equation 4) would 
account for the formation of ethyl aleohol (Neuberg and Gorr, 
1925). 


CH;COCHO + CH,;CHO + H.O — CH,COCOOH + CH,.CH.OH (3) 
2 CH;CHO + H,O — CH;COOH + CH;CH,OH (4) 


Inasmuch as the oxidation side-reactions involve the use of 
oxygen and the production of carbon dioxide, it was thought ad- 
visable to study a variety of lactobacilli in a microrespirometer 
such as that developed by Warburg and others for the determina- 
tion of respiratory quotients of living cells (Warburg, 1931 

For this purpose both growing cultures and suspensions of 
living organisms were placed in the flasks described by Warburg 
and attached to a Barcroft open-end manometer, and the flask 
shaken in a water bath at 37° or 32°, as the optimum temperature 
of the organism required. Oxygen consumption was determined 
by removing CO, by KOH solution, and the carbon dioxide was 
estimated at the end of the experiment by releasing the carbonate 
formed with an excess of sulfuric acid. 

Several varieties of the Lactobacillus group were employed: 


L. delbriicki 

L. leichmanni 

L. odontolyticus (3 strains) 
L. pentoaceticus (3 strains) 
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lor the study of growing cultures, a medium of the following 
basie composition was employed: 


per cent 
Carbohydrate. 1 
Peptone 1 
Yeast extract (Savita)* 0.3 
Phosphate 1 
Water to volume pH adjusted to 6.5 to 7.0 


* Savita obtained from Battle Creek Food Company, Battle Creek, Michigan. 


This medium was inoculated heavily with a culture of the lacto- 
bacillus and 2.5 ec. added to the respirometer flask. 

Washed cell suspensions were prepared by growing the or- 
ganisms in broth culture, centrifuging and washing in saline 
three or four times and finally resuspending in 1 per cent phos- 
phate (pH 6.5 to 7.0) and aerating for three to six hours with a 
current of air. Cells were counted in a counting chamber and 
by plating. 

Results are expressed in total cubic millimeters of the gas 
formed or utilized during the time of experiment. No attempt 
has been made to determine the rate of change per hour per unit 
of cell substance, since the cell suspensions of the lactobacilli 
changed in their activity upon standing. The determinations 
were made using fresh suspensions of young cultures and compari- 
sons made of data obtained at one time. 


COMPARISONS OF GROWING CULTURES Of LACTOBACILLI 


Six cultures of lactobacilli were inoculated into yeast-extract 
broth (1.0 ee. culture per 100 cc. medium) and the changes in 
pressure due to utilization of oxygen were observed over a period 
of eight hours. All the cultures grew readily in the medium and 
the turbidity due to the cells was comparable in each case at the 
end of the period of observation. The volume of oxygen used 
by each organism is shown by the curves of charts 1 and 2. It 
is evident that all the strains used for this study utilized some 
oxygen, but L. pentoaceticus is distinctive in that it consumed over 
five times the amount used by the next most active strain, L. 
odontolyticus. The five least active lactobacilli differ but slightly 
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in their rates of oxygen consumption. 
L. leichmanni utilize almost none. 


Lactobacillus delbriicki and 
As such they might be termed 
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a unique type of 
equilibrium with 


anaerobe, for though they live in a medium in 
20 per cent oxygen, the latter neither interferes 
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nor takes part markedly in their metabolism. Lactobacillus 
pentoaceticus presents a different picture. From the first it begins 
to use oxygen and in comparatively large amounts. 

In order to follow this comparison more closely, the experiment 
was repeated with L. pentoaceticus and L. delbriicki. The medium 
was heavily inoculated with an actively-growing eighteen to 
twenty-four-hour culture and the O, consumption and CO, pro- 
duction of each determined. At intervals the cell numbers were 
determined by plating from control flasks. The curves are shown 
in chart 3. It will be seen from chart 3 that though the two cul- 
tures are comparable as to cell numbers, the metabolism differs 
markedly in degree. The L. pentoaceticus utilizes nearly ten 
times as much oxygen as does L. delbriicki under the same condi- 
tions. Nearly 20 times as much CO, is produced by the former 
as by the latter, but it is evident from the curves that approxi- 
mately the same volumes of CO, are produced as of O, utilized. 

The relation of cell numbers to oxygen utilization by L. pento- 
aceticus may be followed more closely by comparison of the curves 
shown in chart 4. For this, a sample of yeast-extract broth 
was inoculated with L. pentoaceticus and oxygen consumption 
recorded by one manometer, while cell numbers were determined 
by plating samples taken from a duplicate flask. The two curves 
show that O, consumption is directly related to cell numbers. 


OBSERVATIONS WITH WASHED CELL SUSPENSIONS 


One of the characteristics of L. pentoaceticus is its fermentation 
of xylose with the formation of lactic and acetic acids, but with 
the production of much more volatile acid per molecule of car- 
bohydrate fermented, than from glucose. Hence, it was of 
interest to compare the action of a suspension of the washed cells 
upon the two carbohydrates. 

Suspensions of L. pentoaceticus were prepared as previously 
described, and flasks containing the following reagents were 
attached to the manometers: the reaction flask contained 1.0 ce. 
of a phosphate-buffered cell suspension, 1.0 cc. of the carbohy- 
drate substrate (10 per cent solution), 0.4 cc. of 0.85 per cent 
NaCl solution, 0.2 ec. of a 10 per cent solution of H,SO, (in the 
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side chamber) and 0.10 ec. of a 10 per cent KOH solution (in 
inset). An oxidation control was used consisting of all reagents 
in the absence of the cell suspension. In most instances this 
latter correction was insignificant. The cells of the suspension 
were estimated at the beginning of the experiment by plating 
and by a Petroff-Hauser bacteria-counting chamber. The curves 
are shown in chart 5. It will be seen from chart 5 that more 
oxygen is utilized in a glucose medium than in a xylose medium, 
but in either case the O, used is equal in volume to the CO, 
350 
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Cuart 5. Action upon GLUCOSE AND XYLOSE, OF A WASHED CELL SUSPENSION 
oF L. PENTOACETICUS PREPARED FROM XYLOSE Brotu CuLTURE 
Curve A: Oxygen used and CO, produced (glucose). 
Curve B: Carbon dioxide produced (xylose). 
Curve C: Oxygen used (xylose). 


Cuart 6. Action upon GLUCOSE AND XYLOSE, OF A WASHED CELL SUSPENSION 
or L. PENTOACETICUS PREPARED FROM GLUCOSE Brotn CULTURE 

Curve A: Carbon dioxide produced (glucose). 

Curve B: Oxygen used (glucose). 

Curve C: Oxygen used (xylose). 

Curve D: Carbon dioxide produced (xylose). 
produced. It should be mentioned that care must be taken in 
the interpretation of data obtained from experiments in which 
washed cells are employed. In determining the activity of a 
suspension upon a substrate, the organism should be grown with 
that substrate in the medium from which the suspension is pre- 
pared. The strain of L. pentoaceticus (FA) had been carried for 
two years or more in a stock culture containing glucose. ‘The 
suspension obtained from a glucose-broth medium utilized xylose 
scarcely at all, while glucose was acted upon without difficulty. 
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Suspensions prepared from xylose broth utilized both carbohy- 
drates without difficulty. The oxygen consumption of the two 
suspensions is shown in charts 5 and 6. 

The action of suspensions of L. pentoaceticus upon lactates is 
shown in chart 7. In this instance a sample of lactic acid solution 
containing approximately 10 per cent acid was neutralized with 
sodium hydroxide and an excess of NaOH solution added. This 
alkaline solution was boiled for ten minutes to hydrolyze the 
lactides present and the excess NaOH neutralized with HCl. It 
will be seen from the curves of chart 7 that the lactate is acted 
upon in the same manner as the xylose and glucose, namely, 
nearly equal volumes of O, and CO, are utilized and produced, 
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respectively. Hence, whether or not the lactobacillus is able 
to utilize pyruvie acid, methylglyoxal and similar possible inter- 
mediate compounds, oxidation of lactic acid is to some extent, 
a measure of the ability of the organism to produce volatile acids, 
and can account for the O, consumption and CO, formation. 
Many biological oxidations may be accelerated by the use of 
some substances capable of being oxidized by molecular oxygen 
and reduced by the biological system, the oxidation and reduc- 
tion of the accelerating agent being reversible. Methylene blue 
has been much used for this purpose in M/5000 concentration. 
More recently Friedheim and Michaelis (1931) demonstrated that 
pyocyanine, the chloroform-soluble pigment of Ps. pyocyanea, 
may be reversibly oxidized and reduced, and acts in a manner sim- 
ilar to methylene blue with washed cell suspensions of bacteria. 
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While methylene blue and pyocyanine may act as accelerators 
of oxidation reactions, other reagents such as potassium cyanide 
and carbon monoxide have been found to inhibit these reactions, 
particularly those induced by the respiratory enzymes of the cell. 
A third group of reagents have been shown to permit respiration 
of a cell, though they inhibit the fermentation or glycolytic reac- 
tions. ‘The substances of the latter type most commonly used 
are fluorides, and more recently Lundsgaard (1930) has employed 
monoiodoacetic acid. 

The lactobacilli have been described as a group dependent upon 
carbohydrates for growth. Some organisms of the group have 
been shown to grow in carbohydrate-free media, but growth when 
it occurs is relatively slow. Some workers have stated that lactic 
acid is sometimes formed from polypeptides (Sherman, 1920). 
This would indicate that these organisms may utilize some of 
the constituents of the peptone for energy, though generally the 
process is slow. An organism of the Lactobacillus group obtaining 
its energy chiefly by the conversion of the carbohydrate to lactic 
acid should be but slightly inhibited by potassium cyanide (pH 
7.0 to 7.2). On the other hand, if substances such as sodium 
fluoride or monoiodoacetic acid (neutralized by sodium hydroxide 
inhibit glycolysis but permit respiration, they should be toxic for 
the lactobacilli in high dilution. Furthermore, if the lactic acid or- 
ganisms are able to substitute molecular oxygen for the carbohy- 
drate, the toxicity of the fluoride and monoiodoacetic acid should 
be less in aerobic than in anaerobic conditions. 

The glucose-savita medium previously described was used, and 
dilutions of KCN, NaF and CH,ICOOH were prepared trom 
neutral stock solutions of the reagents sterilized by filtration 
through a Chamberlain L 5 candle. The tubes were then inocu- 
lated with 0.1 ec. of active culture of the organism. The KCN 
was employed in concentrations of from 0.1 to 0.01 per cent, 
but none of the strains of the lactobacilli were markedly inhibited 
in growth or acid production in these concentrations. ‘There 
was a slight inhibition of growth in 0.1 per cent concentration 
with L. delbriicki. 

Lactobacillus pentoaceticus was inoculated in aerobic and anae- 
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robic conditions (CO, displacement of air) in broth containing 
0.0 nN, 0.1 N, 0.01 N, 0.001 N and 0.0001 Nn NaF (pH 6.8 to 7.0) 
and incubated at 30° for twenty-four hours. The results follow: 


O1N 0.01 x | 0.001 » | 0.0001 » | 0.0N | conrroL 


Aerobic: | | 


| | 
Growth } + | +++ heredipeadiaead - 
pH | 6.0 | 5.2 | eo | ah 6.5 
Anaerobic: | | | | | 
Growth - | + | +4 ]++4+4+/44+44] - 
pH | 60 | 56 | 52 | 46 | 46 | 6.0 


Similarly, L. pentoaceticus, L. delbriicki and L. leichmanni were 
inoculated into tubes of broth containing 0.0 N, 0.1 N, 0.01 N, 
0.001 n, 0.0001 N and 0.00001 n CH,ICOOH (pH 6.8 to 7.0) and 
incubated twenty-four hours under aerobic and anaerobic condi- 
tions. The results obtained with L. pentoaceticus are typical and 
are given below: 





: | 7 | 
| O1Nn | 001 nN |0.001 n| 0 0001 N | 0.00001 N 0.0N | cON- 
| | | | ] 





| TROL 

Aerobic: | 
Growth et eel Bien | +s | 44-4 ++++| - 
pH | 6.5 | 6.5 | 6.5 | 6.3 6.0 5.0 — 

| | 

Anaerobic: | 
Growth | —- |} — | — | + | ++ |++++| - 
pH ....| 6.0 | 6.0 ah 6.0 | 6.0 | | 6.0 


5.8 48 


From these results it would seem that, though KCN has little 
or no effect upon the metabolism of members of the Lactobacillus 
group, such substances as NaF and CH,ICOOH have a marked 
inhibitive action, especially under anaerobic conditions. The 
iodoacetic acid is especially toxic for the organisms studied. In 
each instance (NaF or CH.ICOOH) the inhibitive action is 
greater under anaerobic conditions than in the presence of oxy- 
gen, but the difference is not marked over a wide range of dilutions. 
This may indicate that L. pentoaceticus, as well as the other lacto- 
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bacilli studied, are able to utilize the energy of an oxidation reac- 
tion to some extent when the normal fermentation mechanism 
is inhibited. 

These preliminary test-tube experiments were followed by de- 
terminations of oxygen consumption of washed cell suspensions. 
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Cuart 8. INFLUENCE oF GLUCOSE, PYOCYANINE AND CYANIDE UPON THE OXYGEN 
CoNSUMPTION OF WASHED CELL SUSPENSIONS OF Ps. PYOCYANEA 

Curve A: Suspension, glucose and pyocyanine. 

Curve B: Suspension and glucose. 

Curve C: Suspension and pyocyanine. 

Curve D: Suspension alone. 

Curve E: Suspension and KCN. 

Curve F: Suspension, glucose, pyocyanine and KCN. 

Curve G: Suspension, pyocyanine and KCN. 
Cuart 9. INFLUENCE oF GLUCOSE, METHYLENE BLUE AND CYANIDE UPON THB 
OxyGEen ConsumPTION OF WASHED CELL SusPENSIONS OF L. PENTOACETICUS 

Curve A: Suspension, methylene blue and glucose. 

Curve B: Suspension, methylene blue, glucose and KCN. 

Curve C: Suspension and glucose. 

Curve D: Suspension, glucose and KCN. 

Curve E: Suspension alone, suspension plus methylene blue, or suspension 
plus methylene bluegplus KCN. 


Pyocyanine (prepared as described by Friedheim and Michaelis, 
(1931) in m/5000 concentration was found to influence the O, 
consumption of Ps. pyocyanea and L. pentoaceticus in the same 
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manner as M/5000 methylene blue. Inasmuch as methylene 
blue is more readily available and was nearly as active as pyocy- 
anine, it was used more extensively in this work. Potassium 
cyanide was used in n/500 concentration and the stock solution 
was neutralized with HC! just before use, the reaction being 7.0 
to 7.2 (Dixon and Elliott, 1929). The effect of pyocyanine and 
KCN upon pyocyanea suspensions is shown in chart 8, and the 
effect of methylene blue and KCN upon L. pentoaceticus is shown 
in Chart 9. Similar results were obtained in each case with either 
pyocyanine or methylene blue when used in M/5000 concentration. 
The results of this work show a marked difference in the metab- 
olism of Ps. pyocyanea and L. pentoaceticus. The former or- 
ganism possesses an oxidative mechanism which functions in the 
suspension itself, utilizing large amounts of oxygen. The oxy- 
gen consumption is stimulated by the addition of pyocyanine or 
glucose, and especially by the addition of both. Potassium 
cyanide markedly inhibits the utilization of oxygen, whether glu- 
cose or pyocyanine has been added or not. L. pentoceticus, how- 
ever, does not utilize oxygen without the presence of an added 
carbohydrate. It lacks this characteristic, whether an activator 
such as pyocyanine or methylene blue is added or not. When a 
suitable carbohydrate is added, the addition of n/500 KCN in- 
hibits oxygen consumption slightly, while the methylene blue 
accelerates O, utilization. The KCN inhibition is not marked, 
as in the case of Ps. pyocyanea. 

If L. pentoaceticus requires a suitable carbohydrate for growth, 
then, as was stated before, Na Fand CH.ICOOH should markedly 
inhibit the oxygen consumption of cell suspensions in the presence 
of glucose, for though this organism promotes the oxidation of 
lactic acid, the latter must first be produced from glucose by a 
glycolytic process. The oxygen consumption of Ps. pyocyanea 
and L. pentoacelicus was determined in the presence of 0.1 N, 
0.01 N and 0.001 N NaF, using washed cell suspensions. ‘The 
results are expressed in chart 10. The curves in chart 10 indicate 
that, though L. pentoaceticus is inhibited by 0.1 N and 0.01 N NaF, 
0.001 N concentration inhibits but slightly. On the other hand, 
Ps. pyocyanea is not inhibited by 0.01 N NaF, though determina- 
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tions not shown in the above chart indicate that it is inhibited by 
0.1 N concentrations of the salt. The curve for the oxygen con- 
sumption of Ps. pyocyanea with 0.1 N NaF coincides with the curve 
above for L. pentoaceticus in the presence of 0.1 N NaF. 
Similar experiments with suspensions of L. pentoaceticus and 
CH,ICOOH show more marked inhibition of oxygen consumptio1 
by 0.1 N, 0.01 N and 0.001 N concentrations. This is shown in 
chart 11. From the data presented above it appears that the for- 
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Curve A: Ps. pyocyanea suspension alone. 

Curve B: Ps. pyocyanea suspension and 0.01 n NaF. 

Curve C: L. pentoaceticus suspension and glucose. 

Curve D: L. pentoaceticus suspension and glucose and 0.001 ~ Nal 
Curve E: L. pentoaceticus suspension and glucose and 0.01 N Nal 
Curve F: L. pentoaceticus suspension and glucose and 0.1 N Nak 


Cuart 11. INFLUENCE oF VARIOUS CONCENTRATIONS OF Monoropoacetic Acip 
UPON THE OxYGEN CoNSUMPTION OF WasHED CELL SUSPENSIONS OF L 
PENTOACETICUS 

Curve A: Suspension and glucose. 

Curve B: Suspension and glucose and 0.001 n iodoacetic acid 
Curve C: Suspension and glucose and 0.01 Nn iodoacetic acid. 
Curve D: Suspension and glucose and 0.1 N iodoacetic acid. 


mation of volatile acid by a strain of lactobacillus is correlated 
with O, consumption and CQO, production. It has been stated 
by many workers that growth under aerobic or anaerobic condi- 
tions did not modify the ratio of volatile acid to non-volatile acids 
(acetic to lactic acids) in the case of L. pentoaceticus (Fred, Peter- 
son and Davenport, 1919, and Weinstein and Rettger, 1932). 
Other authors have stated that less volatile acid was formed by 
L. leichmanni and L. delbriicki, when grown under anaerobic con- 
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ditions (Kayser, 1894), than under aerobic. If this is true, then 
L. pentoaceticus must employ a mechanism for the breakdown of 
glucose different from that of L. leichmanni and L. delbriicki. 
However, if oxygen is utilized by L. pentoaceticus, as is indicated 
by the respirometer findings, then it is difficult to understand how 
removal of oxygen could fail to influence the amount of volatile 
acid produced, especially if the acetic acid is produced at the 
expense of lactic acid. 

Preliminary experiments indicate that the end products of the 
fermentation by L. pentoaceticus are influenced by the presence 
or absence of oxygen, but the differences obtained are not as 
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Fic. 1. APPARATUS FOR SIMULTANEOUSLY SHAKING AND INCUBATING CULTURES 
or L. PENTOACETICUS UNDER AEROBIC OR ANAEROBIC CONDITIONS 
striking as would be expected if the formation of acetic acid were 
due solely to the oxidation of lactic acid by molecular oxygen. 

For the study of this question two types of fermentation systems 
were used. The first consisted of glucose-savita medium con- 
taining 1 per cent phosphate buffer (pH 6.5) in two 500 ec. Erlen- 
meyer flasks containing 150 ec. of the medium. One flask was 
placed in the incubator as an ordinary aerobic fermentation. The 
other flask was placed in an anaerobic jar and the air repeatedly 
exhausted and replaced with CO,. A third flask contained unin- 
oculated broth for a control analysis. After a week’s incubation 
the fermentation mixtures were analyzed for volatile and non- 
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volatile acids, the first by distilling from the medium acidified 
with H.SO,, and the second by the Friedemann and Kendall modi- 
fication of the Clausen aldehyde-fixation method (Friedemann 
and Kendall, 1929). The second system consisted of a tube (il- 
lustrated in figure 1) which was filled half full of the glucose- 
savita medium employed in the first system (50 ee.) and CO, or 
QO, gas passed through the tube as it was rocked in a water bath at 
32°. The current of gas was only sufficient to insure thorough 
mixing of the fluid and to maintain anaerobic or aerobic condi- 
tions—usually one or two bubbles per minute after the tube had 
been flushed free from air. 

In each instance there was a slightly lower ratio of volatile to 
non-volatile acids under anaerobic than under aerobic conditions. 
Two typical analyses are shown in the following table: 


| 


n/10 VOLATILE | MOLAR RATIO 
| ACID PER 100 LACTIC ACID VOLATILE: NON 
| a VOLATILE ACIDS 


ce mgm. per 104 
" 
Flasks and phosphate: 
Aerobic | 15.08 589 18.8:81.2 


Anaerobic 10.80 | 486 | 16.6:83.4 


Rocked tube: | 
Aerobic | 29.5 390 41:59 
Anaerobic... 33.4 511 37:63 


The differences found in any instance are not marked in the anal- 
yses made of the paired fermentations (aerobic and anaerobic), 
but the total amounts of volatile acid found in a given fermenta- 
tion varied considerably, depending upon the length of incu- 
bation, supply of carbohydrate and the activity of the culture 
used for inoculum. Though the ratios obtained for fermentation 
acids at different times varied considerably, the ratios observed 
in fermentations carried out at the same time under the same 
conditions were consistently slightly lower in anaerobic fermenta- 
tions than in the presence of molecular oxygen. 








356 GEORGE A. HUNT 


DISCUSSION 


It is evident from the data presented that two types of reactions 
take place in the metabolism of the lactobacilli. The first is the 
anaerobic breakdown of carbohydrate to lactic acid, while the 
second is the oxidation of lactic acid to acetic acid and carbon 
dioxide. With most lactobacilli commonly studied, the first 
reaction is predominant and the second a minor one. With L. 
pentoaceticus the oxidation of lactic acid proceeds at a much 
greater velocity, and comparatively large amounts of O, are 
utilized and CO, and acetie acid produced. This reaction is 
increased by the addition of methylene blue or pyocyanine, and 
is only slightly inhibited by KCN. Even 0.1 per cent concentra- 
tion of the latter reagent is not markedly toxic. 

It has been stated many times that growth of lactobacilli such 
as L. delbriicki or L. leichmanni under anaerobic conditions de- 
creases the ratio of volatile to non-volatile acid. However, in the 
case of L. pentoaceticus large amounts of volatile acid are formed 
even under anaerobic conditions and, though removal of molecular 
oxygen from the system decreases the ratio of volatile to non- 
volatile acid, this difference is not marked. Hence, the data pre- 
sented suggest that two mechanisms are responsible for the pro- 
duction of acetic acid, one aerobic and the other anaerobic—or, 
at least, taking place under anaerobic cultural conditions. 

The effect of inhibitors such as KCN or CO has been the sub- 
ject of much debate, but the work of Dixon (1929) and his co- 
workers has demonstrated that the inhibition of O, consumption 
is not complete with animal tissue prepartions or with yeast 
cells; there is always some utilization of oxygen due to the pres- 
ence of other oxidases. Keilin and others (1929) have worked 
with the oxidases of cells of many types and particularly yeasts, 
and showed the existence of oxidizing enzymes such as cytochrome 
and indophenol oxidase. The latter resembles the respiratory 
enzyme studied by Warburg in that it is sensitive to cyanide, 
carbon monoxide and hydrogen sulfide. Yaoi and Tamiya (1928) 
studied the cytochrome in bacteria and found that aerobic bac- 
teria such as Ps. pyocyanea and B., subtilis contained cytochrome 
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in large concentrations, while facultative anaerobic organisms 
such as Bact. coli contained about half the concentration found 
with aerobic forms, and anaerobic bacteria contained none. 
The work of Callow (1924) indicated that the anaerobes resemble 
Strep. lacticus in the inability of washed-cell suspensions to utilize 
oxygen. Fenyvessy and Scheff (1930) observed that Spironema 
recurrentis used carbohydrates without the utilization of oxygen, 
but with the production of carbon dioxide. They suggest that the 
CO, formation may be due to either the action of the fermentation 
acids upon the bicarbonates of the serum-Ringer’s solution me- 
dium employed, or to a direct oxidation of the carbohydrate. 

The data presented in this paper suggest that the majority of 
lactobacilli act in the same manner as Strep. lacticus, the anaerobes 
(such as Cl. sporogenes) and the spirochetes in regard to oxygen 
utilization. The lactic acid organisms and Spironema recurrentis 
differ from the anaerobes, however, in that the former are able 
to grow in the presence of molecular oxygen while the latter are 
inhibited. It is possible that the spirochete obtains its energy 
by a lactic acid fermentation. Lactobacillus pentoaceticus differs 
from other lactobacilli in its oxygen utilization, but judging from 
the action of cyanides, none of the members of the group contain 
indophenol oxidase. 

It is difficult to expect that the addition of such reagents as NaF 
or CH,ICOOH would quantitatively limit or inhibit the action 
of one mechanism (fermentation) over a wide range of concentra- 
tions without affecting others, but the changes observed in the 
metabolism of the lactobacilli by the addition of these inhibiting 
agents are striking. The oxygen consumption of washed cells 
of L. pentoaceticus is greatly inhibited by 0.1 N and 0.01 N NaF, 
but not by 0.001 N concentration, as is shown in chart 10. Pseu- 
domonas pyocyanea, however, is not inhibited by 0.01 concentra- 
tion, though 0.1 N concentration inhibits this organism fully as 
much as it does L. pentoaceticus. In a similar manner, monoiodo- 
acetic acid markedly inhibits the oxygen consumption of L. pento- 
aceticus in 0.1 N, 0.01 N and 0.001 N concentrations. 

The action of monoiodoacetic acid even in high dilution is 
shown by its effect upon the growth of the lactobacilli in culture 
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media. In each instance the action of the inhibiting agent is to 
limit growth and acid production, the action being greater under 
anaerobic conditions (in the highest inhibiting concentrations) 
than in the presence of molecular oxygen. Inasmuch as the 
method of producing anaerobiosis was by evacuation and replace- 
ment of the air by CO,, the pH of the anaerobic tubes was lower 
than that of the aerobic. The difference in growth and acid for- 
mation by the lactobacilli may be due to the combined action of 
the iodoacetic acid and CO., or to an ability of the organism to 
initiate the reaction of molecular oxygen with the substrate and 
to utilize the energy for growth. It should be stated that CO, did 
not inhibit growth of any of the lactobacilli, for in some of the 
control tubes growth was heavier in the presence of this gas than 
without it. In any case, the difference between aerobic and 
anaerobic inhibition does not occur over a wide range of dilutions, 
as might be expected if this oxidation reaction were easily accom- 
plished in the presence of molecular oxygen. Experience with 
the cultivation of the lactobacilli in carbohydrate-free media is 
that growth of the organisms, if it does occur, is relatively slight. 
Lactobacillus pentoaceticus resembles the other organisms of the 
group in its reaction towards NaF and CH,ICOOH. This, to- 
gether with the action of KCN upon these organisms, suggests 
that the mechanism of the first stages of the fermentation reac- 
tion is the anaerobic breakdown of the glucose to lactic acid, and 
that it is common to all organisms of the group. The subsequent 
stages depend upon the ability of the organism to break down 
lactic acid or possibly a product giving rise to lactic acid. Lacto- 
bacillus pentoaceticus acccomplishes this step very readily. 


SUMMARY 


The majority of lactobacilli utilize oxygen and produce carbon 
dioxide in the fermentation of carbohydrates in relatively small 
amounts. Lactobacillus pentoaceticus differs from other members 
of the group in that it utilizes large volumes of oxygen and pro- 
duces CO, in nearly equal volume. The latter organism can 
utilize xylose and lactates readily with the consumption of oxygen 
and formation of carbon dioxide in the same volume ratio of 1:1. 
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None of the lactobacilli studied are inhibited by KCN in less 
than 0.1 per cent concentration. All of the species studied are 
inhibited by NaF and CH,ICOOH in 0.1 N and 0.0001 ~ concen- 
trations respectively. The inhibition is somewhat greater in 
anaerobic than in aerobic conditions. 

Methylene blue and pyocyanine accelerate the oxygen consump- 
tion of L. pentoaceticus, whether KCN is present or absent. 

Analyses of volatile and non-volatile fermentation acids pro- 
duced by L. pentoaceticus indicate that slightly higher ratios of 
volatile to non-volatile acids are obtained under aerobic than 
anaerobic conditions. However, the formation of large amounts 
of volatile acids under anaerobic conditions suggests that two 
mechanisms exist for the formation of the volatile acids, one aero- 
bic and the other anaerobic. 
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In 1884 Gram (Lasseur and Schmitt, 1927) described a method 
for staining microérganisms in tissue. The procedure proved to 
be of great value for the identification and classification of bac- 
teria. His technique was modified by Gottstein and Lustgarten 
in 1885, Unna in 1888 and by a host of others in later years. In 
1921 Hucker outlined a Gram-staining technique which is in 
common use today, especially in American laboratories. 

The ability to retain the Gram stain is not a property of living 
cells in general but is almost entirely confined to yeasts and bac- 
teria. Molds stain irregularly; isolated granules in the mycelia 
retain the stain, while large areas do not stain. Protozoa, spiro- 
chetes and malarial parasites are Gram-negative. It is well 
known, of course, that the differentiation of bacteria into Gram- 
positive and Gram-negative is not hard and fast; that the Gram 
characteristics of a given organism, like any of its other charac- 
teristics, may change with age or be disturbed by variations in 
environment and in other ways. But within its well-established 
limitations the method of Gram is an exact one. It is clear that 
the differential behavior of Gram-positive and Gram-negative 
organisms ultimately depends upon differences in chemical or 
physical characteristics (or both) of the bacteria. A certain 
number of such differences have been proved to exist, and for cer- 
tain others there is strong if not conclusive evidence. Some of 
these differences, as given by Churchman, (1929) are: 
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Gram-positive 
1. Killed bacteria not digested by 
trypsin or pepsin 
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Gram-negative 


. Killed bacteria digested by 


trypsin or pepsin 





2. Few digested by gastric juice 2. Majority digested by gastric 
juice 

3. Not dissolved by 1 per cent 3. Dissolved by 1 per cent KOH 
KOH 

4. Lipoids resistant to fat solvents 4. Lipoids less resistant 

5. Greater dispersion of nucleo- 5. Lesser dispersion 
proteins 

6. Optimum growth at a relative 6. Optimum growth at relative 
high pH low pH 

7. Usually susceptible to the bac- 7. Less susceptible 
teriostatic action of the tri- 
methylmethane dyes 

8. May produce spores 8. Never (?) produce spores 

9. May be acid-fast 9. Never acid-fast 

10. More susceptible to iodine 10. Less susceptible 


11. Less likely to form demonstr- 11. 
able antibodies 


More likely to form antibodies 


In addition to these differences it has been reported by Day 
and Gibbs (1930) that Gram-negative organisms fail to show 
growth after being exposed to the action of pancreatic juice for 
forty-eight hours, while the Gram-positive forms retain their 
viability. 


EXPERIMENTAL WORK 


In 1917 Porter (1917-18) claimed that the enzyme lipase is 
capable of lysing acid-fast organisms when added in sufficient 
concentration to liquid cultures. Since we were interested in 
cultivating acid-fast microérganisms in a non-acid-fast condition, 
we decided to test, with several of these organisms, the action of 
lipase incorporated in a solid medium. It is generally accepted 
that the staining phenomenon exhibited by acid-fast bacteria is 
bound up with their lipoid content, and it was hoped that the 
lipolytic action of the enzyme, used in the proper concentration, 
would reduce this content to the point where they would lose 
acid-fastness. 

Following the procedure of Porter, a glycerol extract of pan- 
creas was prepared. Pig pancreas was obtained and the fat 
removed and discarded. After mincing, glycerol was added in 
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the proportion of 2to 1. Two days contact was allowed and then 
the extract was strained through gauze, since lipases are easily 
injured by filtration. Glycerol not only extracts lipase but also 
produces a practically sterile medium within two to three weeks, 
which, according to Porter, can be ascribed to its preservative in- 
fluence upon the bacteriolytic substances present rather than upon 
any direct action of the glycerol. This extract when tested with 
litmus milk proved to be actively lipolytic and remained active 
for six to eight months when held at refrigerator temperature. 

At this time we were cultivating several saprophytic acid-fast 
organisms on a medium, referred to as M-6 in this paper, consist- 
ing of 0.1 per cent sodium carbonate, 0.2 per cent potassium acid 
phosphate, 0.2 per cent urea and 2.0 per cent agar-agar in distilled 
water. The pH was 7.2 to 7.4. This medium, although lacking 
the nutriment generally considered necessary for acid-fast growth, 
still contained enough substance to permit a slight degree of multi- 
plication and retention of acid-fastness in at least 50 per cent of 
the organisms. The addition of increasing amounts of pancreatic 
extract to this medium produced abundant growths up to the 
point where the glycerol concentration became inhibitory. 

We also inoculated non-acid-fast organisms such as Bact. colli, 
Proteus vulgaris, St. aureus and B. subtilis upon our medium con- 
taining the pancreatic extract. Repeated experiments showed 
heavy growths in the tubes inoculated with the Gram-positive 
organisms and no growth in those inoculated with the Gram- 
negative. Accordingly, we decided to conduct experiments to 
determine the factor or factors bringing about these results. To 
this end we inoculated our four species of bacteria into M-6 
alone, into M-6 plus glycerol (20 per cent), into M-6 plus glycerol 
extract of pancreas (20 per cent) and into M-6 plus heated (100°C. 
for five minutes) pancreatic extract. Our basic medium was 
distributed in culture tubes, in which it was melted as needed. 
Pancreatic extract was added aseptically to the melted medium 
after it had been cooled to 42°C. The medium was then slanted 
for use. 

Our findings in the experiments indicated above are shown 
in table 1. All examinations were made at the end of forty- 
eight hours incubation at 37°C. 
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As can be seen in table 1, neither the medium M-6, nor M-6 
plus 20 per cent glycerol inhibited bacterial growth.' Likewise, 
M-6 containing heated pancreatic extract did not inhibit bac- 
terial growth, but rather increased it, presumably because of 
nutrients introduced with the extract. M-6 plus unheated ex- 
tract inhibited only the growth of Gram-negative organisms. 

In view of the fact that the substance inhibitory for Gram- 
negative organisms was present only in the medium containing 
the unheated pancreatic extract it was believed that an enzyme 
was responsible for this action. Since the method by which we 
extracted the pig pancreas does not preclude the presence of 
amylase, rennet and trypsin with the lipase (steapsin), we were 
interested in determining, if possible, which was the differentiat- 

TABLE 1 
BACTERIAL GROWTH 


MEDIA Bact. coli | Proteus | St B 


vulgaris | aureus subtilis 
M-6. + | + | + }- 
M-6 plus 20 per cent glycerol + | + + | + 


M-6 plus pancreatic extract saws ~ ~ | +++ l++++ 
M-6 plus heated extract | ++ +++ | +44 (+444 
| j 


ing factor. Other questions presenting themselves were: Will 
this medium differentiate between all Gram-positive and all Gram- 
negative bacteria, secondly, will the pancreatic extract produce 
the same results when added to common laboratory media such as 
plain infusion agar and, thirdly, are the bacteria lysed by the 
enzyme or is growth merely inhibited? 

Experiments conducted to answer the first question show 
(table 2) that our medium (M-6, with pancreatic extract) in- 
hibited the growth of all Gram-negative bacteria tested, while 
permitting growth of all the Gram-positive. The Gram-negative 
organisms, Pasteurella bronchisepticus excepted, were completely 
inhibited in the first transfer. In the case of the species men- 


? Concentrations of glycerol reaching 33} per cent or more inhibited the growth 
of all organisms. 
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tioned, two or three transfers upon this special medium usually 
were required in order to obtain complete inhibition of growth. 
Gram-positive organisms were cultivated on this medium for 
many generations. 

Taking up question two, it was demonstrated that our pan- 
creatic extract, added to plain infusion agar, produced no appre- 
ciable inhibition of Gram-negative organisms (table 2). This 


TABLE 2 


BACTERIAL GROWTH 
20 per cent 20 per cent 
pancreatic pancreatic 
extract added | extract added 
to M-6 to infusion 
agar 
Bacterium coli = he cieed 
Proteus vulgaris - dod 4. 
Pseudomonas pyocaneus . in 44. 
Pseudomonas fluorescens : a fpoha of 
Bacterium paratyphosus _ +4 
Bacterium typhosus. . _ ' 
Bacterium pollorum = + +4 
Serratia marcescens o- 4.4 
Pfeifferella mallet _ £4 
Pasteurella bronchisepticus he of oh ot 
Staphylococcus aureus 4-4-4 f444 
Bacillus subtilis cs dbnded 
Streptococcus viridans 4 fh. 
Bacillus anthracis dnd rw 
Preisz-Nocard bacillus +++ +++4 
Corynebacterium pyogenes TTF +++ 
Corynebacterium renalis +++ TTT T 
Actinomyces farcinica Ande. ioded 
8 strains of acid-fast saprophytes.. . +++ TT 4 


was probably due to the fact that the enzyme reacted with the 
organic compounds present in the infusion agar, and by so doing 
was rendered ineffective against the bacterial cell, while in our 
medium, M-6, there were no organic substances upon which the 
enzyme in question could act and consequently an attack was 
made upon the bacteria. 

An experiment to determine whether or not the bacteria were 
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lysed by enzymic action was carried out as follows: To a liquid 
medium (M-6 without the agar) we added 20 per cent pancreatic 
extract and inoculated with suspensions of bacteria from plain 
Examinations were made at the end 
of twenty-four hours and again at the end of forty-eight hours 
At these times transfers were made to plain infusion 
The results are shown in table 3. 


infusion bouillon cultures. 


incubation. 
agar. 


D. W. 


Microscopic examinations of the 


Bact. coli 


Proteus vulgaris 


St. aureus 


B. subtilis 


incubation and a complete lysis after forty-eight hours incuba- 
Although growth was obtained on sub-culturing the par- 
tially lysed culture (twenty-four hours old), none was obtained 
on sub-culturing the completely lysed cultures (forty-eight hours 
On the other hand, microscopic examinations of the Gram- 


tion. 


old). 


positive bacteria presented no evidence of a lytic action, and 
growth was obtained on sub-culturing both the twenty-four- 
and the forty-eight-hour-old cultures to plain infusion agar. 

In connection with the above, we mixed a bouillon culture of 





TABLE 3 


~~ Microscopie 
examination 
Very few clear- | 
cut well | 
defined 
Colored débris | 
and granules | 
indicating ly- | 
sis 
Very few 
found, as above! 


and 
cells. | 


cells | 


Clear-cut and 
well defined 
cells. No evi- | 


dence of lysis 
Many cells pres- | 
ent 


Liquip M-6 pLus 20 PER 
Incubation, 24 hours 


| Sub-culture 


on agar 


Growth 


Growth 
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Growth | 


Growth 





Gram-negative cultures 
showed a partial lysis of the bacterial cells after twenty-four hours 


CENT PANCREATIC EXTRACT 


Microscopic 
examination 


No evidence of 
cells. Stained | 
particles and 
granules pres- 
ent | 





| 

No evidence of | 
intact cells 

No evidence of | 

lysis 

No evidence of | 

lysis 


Incubation, 48 hours 


; Sub-culture 


No growth 





on agar 


No growth 


Growth 


Growth 
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Bact. coli with one of the St. aureus and inoculated the mixed 
culture upon M-6 pancreatic extract. In this case only S/. aureus 
could be demonstrated by smear or sub-culture after forty-eight 
hours incubation at 37°C. 

We desired to demonstrate, if possible, which enzyme or en- 
zymes were involved in bringing about this lytic action in Gram- 
negative cultures. Since the separation of trypsin, lipase or 
amylase from pancreatic extract is attended by the subsequent 
loss of activity of those enzymes (Willstatter and Waldschmidt- 
Leitz, 1922-23), we decided to try various tests with similar 
known enzymes from other sources, as suggested by J. B. Sumner 
in a personal communication. 

Up to this time we had assumed that lipase was the active 
agent. This assumption was based partly on Porter’s work, in 


TABLE 4 
BACTERIAL GROWTH 
ORGANISMS 1 ec. of pepsin l cc. of par 

M-6, pH 4.6 added to M-6, | creatin added 

pH 4.6 to M-6, pH 46 
Bact. coli. . + + é 
Proteus vulgaris + + + 
St. aureus + + + 

ope | 

B. subtilis +. ee 14 


which he claims that acid-fast bacteria are destroyed by the 
action of lipase, and partly on the results of an experiment (de- 
scribed below) in which we used pepsin as a proteolytic enzyme. 
In case the trypsin of the pancreatic extract was the active agent 
it was thought that it might be possible to obtain the same re- 
sults with pepsin and by so doing demonstrate the involvement 
of a proteolytic action. Accordingly, an active suspension of 
pepsin crystals was obtained from Dr. J. B. Sumner. ‘These 
crystals were dissolved in glycerol (100 per cent) and the solution 
tested for proteolytic activity by using the carmine-fibrin test in 
our medium (M-6) with enough hydrochloric acid added to pro- 
duce a pH of 4.6. The test showed a high degree of proteolytic 
activity. Consequently, to one lot of M-6 adjusted to a pH of 
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4.6 the pepsin extract was added, and to another lot the pancreatic 
extract. As a control medium we used M-6 adjusted to a pH of 
4.6. Each of the three kinds of media was inoculated with the 
various organisms. 

As shown in table 4, pepsin produced no demonstrable growth- 
inhibitory action upon the Gram-negative organisms. Therefore, 
it was assumed that proteolytic activity was not the differentiat- 
ing factor and that trypsin could be ruled out as the principal 
agent. However, we could not be absolutely sure that a proteo- 
lytic action was not involved, since a pH of 4.6 was too alkaline 
for the optimum activity of pepsin. Likewise, the medium con- 
taining the pancreatic extract had no effect on the growth of the 
organisms, the active agent apparently being inactivated by the 
acidity. The fact that growth was obtained in the control me- 
dium (M-6, pH 4.6) showed that the bacteria were not inhibited 
by the acid concentration. 

Amylase was now tested. Glycerol and saliva were mixed in 
equal parts and added to M-6 in order to determine the action of 
this enzyme. The amylase was shown to be active by its action 
on potato starch jelly. The results showed no inhibition of the 
growth of Gram-negative bacteria. 

Since neither pepsin nor amylase showed any inhibitory action 
we were led to believe that the active principal in our differential 
medium was lipase. Consequently, a freshly prepared pancreatic 
extract of high lipolytic action (litmus milk test) and of negligi- 
ble tryptic activity (casein test) was obtained from Dr. J. B. 
Sumner. Contrary to our expectations, when this extract was 
added to the M-6 medium the growth of Gram-negative organ- 
isms was not inhibited. 

Since the lipolytic activity of Dr. Sumner’s extract was com- 
parable to the activity of our own extract we were obliged to 
look elsewhere for the cause of the differentiating action. This 
inability to inhibit Gram-negative growth by fresh pancreatic 
extract was again encountered by us in making up fresh extract- 
tions of pancreas. But, when these same extracts were allowed 
to stand at refrigerator temperature for two to three weeks they 
acquired the ability to inhibit Gram-negative growth completely. 














GRAM-POSITIVE AND GRAM-NEGATIVE MICROORGANISMS 369 


It was obvious that during this aging interval something had oc- 
curred to make the extract take on its lytic action. 

Reviewing the literature relating to the activation of pancreatic 
enzymes upon aging it was found that Heidenhain (1875) first 
observed that fresh extracts of the pancreas gland have no meas- 
urable tryptic activity, but that on keeping, “spontaneous activa- 
tion” occurs and the extracts develop a definite tryptic activity. 
These findings were confirmed by Waldschmidt-Leitz and Harten- 
eck (1925), who separated, from an extract which had undergone 
“spontaneous activation,” the substance responsible for the acti- 
vation. It was found that the properties of this substance were 
similar to those of enterokinase, and so it was concluded that 
“spontaneous activation” is a process identical with the activa- 
tion of trypsin by added enterokinase. Waldschmidt-Leitz sug- 

TABLE 5 


BACTERIAL GROWTH 


MEDIA . 
Bact. coli Proteus St B 
vulgaris aureus subtilis 
M-6 plus fresh pancreatic extract ++ ++ | +44 +444 
M-6 plus pancreatic extract (two-month-old) - - Aoeaks bedded, 


gested that the enterokinase content of the intestinal mucous 
membrane depends upon the entry of pancreatic secretions in 
which the enterokinase is initially present in the form of an inac- 
tive pre-stage. 

It was evident that this same ‘“‘spontaneous activation” might 
be going on in our glycerol extracts of pancreas. A freshly pre- 
pared pancreatic extract tested with litmus milk and casein 
failed to give any appreciable tryptic activity, while a two- 
month-old extract showed a high degree of activity. However, 
the lipolytic activity of the two extracts was about equal. ‘These 
extracts were added to M-6 and inoculated with bacteria. No 
growth-inhibition of Gram-negative organisms was evidenced in 
the medium containing the fresh extract. A complete inhibition 
of Gram-negative growth occurred in the medium containing two- 
month-old extract (table 5). Apparently the activated trypsin 
was responsible for this phenomenon. 
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When tests were made with the freshly prepared extract every 
four days to determine its proteolytic activity, it was found that, 
as the tryptic activity increased, the inhibitory action upon Gram- 
negative organisms also increased, until at the end of twenty days 
there was complete growth-inhibition. 

A glycerol extract of commercial steapsin powder (containing 
active trypsin), incorporated in M-6, was shown to inhibit the 
growth of the Gram-negative microérganisms listed in table 2 
while the Gram-positives grew. A glycerol extract of activated 
trypsin powder produced like results. 

These findings corroborate the works of Day and Gibbs (1930), 
Kantorwiecz (1909), and others who have reported that Gram- 
negative organisms may be readily dissolved by active trypsin, 
while Gram-positive organisms are more resistant. 

CONCLUSIONS 

1. Aged glycerol extract of pancreas when added, in the proper 
amounts to a medium designated as M-6, inhibited the growth of 
those Gram-negative bacteria tried in our experiments, but al- 
lowed the Gram-positive to multiply. 

2. M-6 alone will not differentiate between Gram-positive and 
Gram-negative microérganisms, nor will M-6 plus 20 per cent 
glycerol. 

3. This inhibitory property is lost when the extract is heated or 
exposed to the action of acid. 

4. Neither pepsin, amylase nor lipase produces any demonstra- 
ble differentiation between Gram-positive and Gram-negative 
bacteria. 

5. The Gram-negative growth-inhibitory substance is the en- 
zyme, trypsin, according to our experimental evidence. 

6. The action of the enzyme upon the Gram-negative bacteria 
is a form of lysis—enzymic digestion. 

7. It is suggested that M-6, containing active pancreatic ex- 
tract, may be used to isolate Gram-positive bacteria from cul- 
tures contaminated with Gram-negative bacteria. 
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INTRODUCTION 


The purpose of microbiological investigation in the paper 
industry is, in general, twofold: to control the development of 
undesirable microérganisms and to utilize those whose activities 
may be advantageous in papermaking processes. ‘This paper 
presents some of the microbiological problems involved in the 
control of the former group. 

The invasion of pulp and paper mills by microérganisms and 
their subsequent development usually results in economic loss 
and impaired quality, through the formation of mill slimes and 
the deterioration or discoloration of pulp and paper. In addition, 
the considerable degree of pollution in mill process-water serves 
to emphasize the importance of hygienic qualities and refinements 
in paper products for personal and medical uses, and in paper 
wraps or containers for foods. 


INVASION OF MILL SYSTEM BY MICROORGANISMS AND THEIR 
DEVELOPMENT 


Microérganisms invade pulp and paper mills with water sup- 
plies and to some extent with raw materials utilized in the manu- 
facture of paper. ‘The preliminary treatment of pulp wood in 
the sulphite digesters exerts a definite sterilizing effect (140 to 
145°C., with a possible maximum of 155 to 160°C., Johnsen, 1927). 
Numbers of microérganisms are effectively reduced in ground- 
wood pulp due to the high temperatures attained during grinding. 
Although subject to wide variation, these temperatures, usually 
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in the vicinity of 85°, are quite insufficient to eliminate spore- 
forming bacteria. In one mill, pure cultures of Bacillus vulgatus 
were obtained from the hot groundwood. 

The pulp stream, in the course of its progress, receives large 
inoculations of organisms from growth accumulations within the 
mill system and, supplying as it does a water solution and suspen- 
sion of inorganic and organic nutrients (Fritz, 1931), rapid devel- 
opment of microérganisms results. Since the groundwood con- 
tains almost all the constituents of the wood itself (Sutermeister, 
1929), an excellent carbohydrate-rich medium is provided. The 
rapid growth of organisms in the sulphite system indicates that 
the sulphite pulp stream furnishes an adequate food supply. 
Distribution of microérganisms takes place through air dissemina- 
tion of spores and the continuous circulation of white water and 
stock. In the case of the groundwood mill, counts ranging from 
two to three million bacteria per cubic centimeter of white water 
and stock have been obtained during slime trouble. Inasmuch as 
the fresh water supply was adequately chlorinated, the inocula- 
tions came directly from bacterial and fungus development 
within the system. 

The masses of growth built up on surfaces over which pulp sus- 
pensions flow, are spoken of collectively as slimes. Pulp and 
paper mill slimes are, therefore, accumulated microbiological 
growths, composed heterogeneously of microérganisms, products 
of growth, fiber, and inorganic debris. The heterogeneous nature 
of slime growths is emphasized by Fritz (1931) who states that 
no fungus, or limited association of fungi, can be held universally 
responsible for the trouble. This statement is abundantly con- 
firmed in the present investigation. 

The ability to form viscous growths or close masses of mycelium 
on appropriate surfaces is characteristic of the microérganisms 
developing in pulp and paper mill systems. The types and 
degrees of viscosity which they reveal on carbohydrate media, 
vary with the different species, from the gelatinous or viscid 
bacterial growths, similar to the cellulan slimes described by 
Beijerinck (1912), to the doughy and rubbery formations of 
Oidium and certain yeast-like fungi. The compact, matted 
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masses of mycelium formed by Actinomyces and other filamentous 
organisms, introduces another slime factor of far-reaching impor- 
tance in paper manufacture. 

The bacterial slime-formers isolated thus far, may be grouped 
under the following genera: 


Achromobacter—A number of species were studied which, in all 
probability, should be placed in this genus. The isolations 
resemble, more or less closely, several of the species described 
by Bergey (1930). Among them are A. geminum (B. geminus- 
major Ravenel); A. pinnatum (Ravenel) Bergey; A. ambiquum 
(Wright) Bergey; A. reticularum (Jordan) Bergey; A. viscosus 
(Adametz) Bergey. 

Escherichia—One species was. encountered corresponding to the 
description of 2. gastrica (Ford) Bergey. This organism pro- 
duced a thick, viscous, yellowish growth on potato-glucose 
agar, while on beef-peptone agar the development was abun- 
dant, spreading, and somewhat rugose. 

Aerobacter—Organisms typical of A. aerogenes (Kruse) Beijerinck 
and A. cloacae (Jordan) Bergey occurred prominently. 

Pseudomonas -Ps. viscosa (Frankland) Migula was isolated once. 

Bacillus—B. vulgatus Trevisan, isolated from certain tenacious 
deposits, produced very viscid growths on enrichment media. 
B. vulgatus was found also in hot groundwood taken directly 
from the grinder pit. In its descriptive features, this organism 
is entirely typical. B. vulgatus forms an abundance of levan 
in the sucrose medium used by Hibbert (1931) and it is men- 
tioned by Beijerinck (1912) as one of the levulan-forming 
bacilli. B. subtilis (Ehrenberg) Cohn also appeared among the 
slime-formers. 


In addition to the bacterial slimes there are those formed 
essentially by Oidium, Monilia, and related yeast-like fungi of 
doubtful identity. The growths produced by these forms are 
usually doughy or rubbery, effectually resisting control measures. 
They develop rapidly on carbohydrate media and possess the 
ability to build up tenacious growths within the mill system. 
The cultural features of these organisms have been studied in the 
laboratory using glycerol and potato decoction media. ‘The 
growth masses consist of a form of gelatinized cellulose. 
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The importance of filamentous fungi of the mold type is stressed 
by Fritz (1931), who states that the bulk of the slime in her in- 
vestigations was composed of these forms. Aspergillus fumigatus 
var. is representative of a considerable number of isolations made 
at this laboratory whose activities extend to active pulp deterio- 
ration, including the production of sliminess, discoloration, and 
cellulose decomposition. This group includes members of the 
genera Aspergillus, Acrostalagmus, Alternaria, Cladosporium, 
Chaetomium, Trichoderma, and Penicillium. In a few cases 
cultures of filamentous fungi were obtained which could not be 
identified, due to the failure to produce fruit bodies under the 
cultural conditions provided. Schmid (1930) refers to Tricho- 
derma and Cladosporium as important slime-forming organisms. 
Reference is made by Pattillo (1931) to Paxillus panuoides Fries 
as one of the producers of sliminess and pulp deterioration. 

The filamentous bacteria have received considerable attention 
in this connection. An Actinomyces proved to be the predomi- 
nating form in slime from a section of one mill. The alga-like 
bacteria have been identified with various similar conditions by 
Schmid (1930), Pattillo (1931), Boruff and Stoll (1932), and Gesell 
(1932). Members of the Chlamydobacteriaceae are conspicuous 
among the causal species. 

This brief discussion illustrates the diversity of the slime flora 
and the heterogeneity of the growth accumulations. The subject 
of microbial development in pulp and paper mills can not be 
restricted to slime troubles alone. It includes such associated 
effects as pulp discoloration and decay, also the formation of 
decomposition products, which frequently impart objectionable 
odors to pulp and paper. 


METHODS OF INVESTIGATION AND CONTROL 


The procedure adopted in this investigation was to analyze 
process-water and stock at significant stages in the operation, 
using standard bacteriological methods. Through this means 
information may be secured relative to sources of contamination, 
the distribution of organisms throughout the system, the points 
at which stock may receive inoculations of organisms from slime 
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deposits, and the effectiveness of chemical treatments. In order 
to interpret these results correctly, one must be thoroughly ac- 
quainted with the methods and conditions obtaining at the mill 
under investigation. 

Periodically throughout the year, the slime deposits may accu- 
mulate sufficiently to cause losses in production and time and to 
endanger quality. In order to determine the predominating 
forms, samples are examined microscopically and culturally with 
the aid of various special media. Potato-glucose agar, prepared 
according to Fritz (1923), malt-extract agar, groundwood-glucose- 
peptone agar, and potato-glycerol medium have proved useful 
in this portion of the work. The control measures recommended 
will depend upon the nature of the causal microérganisms and 
upon local mill conditions. The requirements imposed by these 
factors are sufficiently definite to influence the procedure to be 
followed. None of the methods of treatment commonly used at 
present are effective for all types of slime. 

Chlorination, utilized at the outset as the most economical 
and effective method of control, continues to play an important 
part in slime prevention. The usual applications of chlorine are, 
however, rendered quite inadequate, due partly to the rapid dis- 
sipation in strength which chlorine undergoes in the presence of 
organic matter, and also to the phenomenon of chlorine tolerance 
exhibited by many predominating slime-formers. Oidium, Asper- 
gillus, and Actinomyces, for example, are able to resist five parts 
per million of chlorine. Tonney (1930) reports wide variations 
in the amounts of chlorine necessary to kill spore-forming bacteria. 
Spores of Bacillus vulgatus and Bacillus subtilis required 280 and 
160 parts per million respectively. These organisms are reported 
among the slime-formers isolated during this investigation. 

Neither straight chlorination nor the ammonia-chlorine treat- 
ment is able to reach the organisms causing the most troublesome 
slimes. Speaking of bacterial growth in pipe sediment, Baylis 
(1930) states: 

Water containing organic matter that settles or attaches itself to 


the side of the pipes may produce a coating so thick that even though 
the water contains considerable residual chlorine there will be a zone 
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of chlorine-free water within the coating or within the sediment where 
bacteria may grow abundantly. 


Once the slime growths have incrusted pipe lines and accu- 
mulated in thick, adherent layers in the pulp-handling equipment, 
chests and tanks, a laborious, time-consuming clean-up must be 
made, during which the system is rid of these deposits. This 
is accomplished by physical means (scraping, hosing out, brushing, 
sluicing) aided by the use of alkali which exerts a solvent action 
on slime. This general procedure is a necessary preliminary in 
combating slime troubles. Steps must then be taken to prevent 
fresh development of slime-forming organisms—an undertaking 
which will depend upon the local situation. Where conditions 
will allow, heavy applications of chlorine may be introduced into 
the system which, aided by the use of chlorinated fresh water 
wherever possible, will effectively reduce bacterial numbers 
throughout the mill. In one instance of serious slime trouble 
due to bacteria, this method resulted in the removal of over 90 
per cent of the bacterial contamination of white water and stock. 
In cases where an excess of chlorine would prove particularly 
dangerous to operative efficiency through its bleaching or corro- 
sive action, copper compounds may be employed, alternately or 
simultaneously with moderate chlorination. Sometimes direct 
applications of calcium hypochlorite will successfully prevent 
slime development. Vigilance in detecting and removing growth 
accumulations and the practice of mill sanitation are the most 
important aids to slime prevention. 
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The use of more or less inert solids in liquid bacteriological 
media has been practiced for some time. A rather large number 
of substances such as glass wool, iron nails, cotton, beads, coal, 
animal tissue, ashes, sand, cardboard, sponge, charcoal, chalk, 
ete. (Bandini, 1906; Douglas, Fleming and Colebrook, 1917; 
Guillemot and Sezcawinska, 1908; Hata, 1908; Leifmann, 1908; 
Wrzosek, 1907, 1910) have been found to be advantageous in 
certain cases when placed in liquid media. 

The most common use of such substances is to make possible 
the growth of strict anaerobes in solutions exposed to the air 
(Buswell and Neave, 1930; Douglas, Fleming and Colebrook, 
1917; Robinson, 1922). 

Another use is in continuous fermentation processes (vinegar, 
sewage beds, etc.) where the inert material acts as a support for 
the organisms, preventing their loss with removal of spent liquor 
and making possible the heavy inoculation of fresh substrates 
(Bakonyi, 1927; Northrop, Ashe and Senior, 1919; N. V. Vere- 
enigde Klattensche Cultuur Maatschappij, 1930). 

In other cases, such as the methane fermentation under investi- 
gation, the presence of suspended solid material appears to be 
highly advantageous, if not essential, in single batch fermenta- 
tions as well as in a continuous process, even though the liquid is 
not exposed to the air. 

The general procedure used in studies of methane fermentation 
has been to inoculate a liquid medium with solid material such 
as mud, sewage sludge, decaying leaves, slime, etc. (Coolhaas, 
1928; Hoppe-Seyler, 1887; Mazé, 1903, 1915; Omelianski, 1905; 
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Séhngen, 1910). The fermentation starts slowly and continues 
to evolve methane slowly for long periods of time. Séhngen 
(1910) built up active cultures by repeatedly decanting off spent 
liquid and replacing with fresh. Many attempts have been made 
to decrease the size of the inoculum with but little suecess. The 
universal experience was that it was necessary to use rather large 
amounts of the suspended or settled solids in making transfers. 
Coolhaas (1928), in his thermophilic studies on the methane fer- 
mentation of fatty acids, used finely divided CaCO; in his cul- 
tures and used large amounts of this material from an actively 
fermenting culture to inoculate fresh media. 

The methane fermentation has been under investigation in this 
laboratory for several years (Buswell, 1930), the inoculating 
material usually being sludge from a sewage digestion tank. The 
procedure usually followed in the fermentation of soluble mate- 
rials was to use overflow liquor from a sewage sludge digestion 
tank, add the substrate, and inoculate with sludge from the 
same tank. 

The importance of the use of solid particles as inoculating 
material was emphasized by Buswell and Neave (1930) who 
found that ‘in two parallel series of 80 cultures each, only two 
failed to produce gas from acetic and propionic acids when 
digesting sludge was used for the inoculation, but only three 
showed gas formation when the supernatant liquor from this 
sludge was used.”” These authors also reported results on studies 
to determine the minimum amount of sludge necessary to insure 
successful inoculation. Their conclusion was that 5 to 10 grams 
of sludge solids per liter were necessary to insure successful 
inoculation. 

In the course of the present investigation an attempt was 
made to find a reproducible minimum inoculation. It seemed 
probable that the suspended matter in an actively fermenting 
sludge tank might be more active inoculating material than the 
settled solids. If this were true it should be possible to use a 
smaller amount of these solids than 5 to 10 grams per liter to make 
a successful inoculation. To test this idea a 3-liter quantity of 
overflow liquor was allowed to stand two hours in the refrigerator. 
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The supernatant liquid was siphoned off and the settled solids 
used to inoculate 200 cc. of the supernatant liquor containing 2 
grams of calcium acetate in a fermentation bottle. A second 
bottle was prepared in a similar manner. The suspended mate- 
rial from a third 3-liter quantity was obtained by filtering through 
a thin mat of asbestos. This mat was then used to inoculate the 
third bottle. At the end of three days, 200 cc. of gas containing 
methane had been evolved from the third bottle, while only 30 
to 40 ec. of gas had been evolved from each of the first two. 

This indicated that the function of the sludge was not so much 
the furnishing of a heavy inoculum as it was the formation of a 
particular kind of physical environment for the organisms. An 
experiment to test this hypothesis was carried out as follows: A 
sufficient quantity of overflow liquor was filtered through a thick 
mat of asbestos, to remove suspended particles but not all of the 
bacteria. ‘Two-hundred-cubic-centimeter quantities of this fil- 
tered liquor were placed in each of eight fermentation bottles. 
One gram of calcium acetate was added to each bottle and 5 
grams of finely shredded asbestos to each of four bottles. The 
bottles were closed with heavily waxed rubber stoppers con- 
nected to gas collectors and incubated at 31° to 32°C. At the 
end of three weeks each of the four bottles containing the asbestos 
had produced from 150 to 200 ee. of gas containing methane while 
the remaining bottles had produced no more than a few bubbles 
of gas. 

The results of this experiment were quite conclusive and have 
been confirmed many times. One experiment using sand instead 
of asbestos failed. A previous attempt in this laboratory to use 
glass wool with overflow liquor gave inconclusive results. 

The next logical step was to use a sterile medium. ‘The follow- 
ing modification of Séhngen’s medium proved satisfactory. 


K,HPO, 0.5 gram 

NH,Cl ; 0.5 gram 

MgS0O,-7H,O 0.3 gram 

Calcium acetate 10.0 gram 

Acid washed, finely shredded asbestos 15-25 grams 
Distilled water to make 1,000.0 ce. 
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Test tube cultures in this medium under a vaseline-paraffin seal 
have been carried successfully through many transfers, using as 
inoculum only one loop of the liquid, free from fibers, from the 
previous culture. 

Very active cultures have been built up by using Séhngen’s 
procedure of decanting and replacing spent medium with fresh. 
The daily addition of small amounts of substrate to the culture 
has proved to be a satisfactory practice. With a practically 
insoluble substrate such as cellulosic material, no addition of 
sludge or solid inert material is necessary (Boruff, 1930) since the 
cellulose fibers themselves appear to furnish the necessary physi- 
cal environment for the organisms. 

The exact nature of the rédle of the asbestos (or cellulose) 
fibers in this fermentation is by no means clear.! That the fibers 
act as a support for the organisms is seen from microscopical 
examination which shows many fibers to be covered with bacterial 
bodies. ‘There is no observable dissolution of the asbestos fibers. 
Apparently it is not a question of the removal of some soluble 
active substance from the asbestos, such as is reported to occur 
in the industrial disease known as asbestosis (Gardner and Cum- 
mings, 1931) because if the asbestos is removed from an actively 
fermenting culture, little or no gas is produced from the liquid, 
but if fresh sterile asbestos is added the gasification continues. 
Gasification also results when the asbestos from an active culture 
is washed and centrifuged and then added to fresh sterile medium. 

1 Since completing this work, the very interesting paper by Fischer, F., Lieske, 
R., and Winzer, K., (Biochem. Z., 245, 2-12 (1932)) has come to our attention. 
These authors report experimental evidence to show that acetic acid is an inter- 
mediate in the following bacterial transformation: 


CO, + 4H, ~ CH, + H,0 


That is: 
(1) 2CO, + 4H, — CH;COOH + 2H,0 
(2) CH,COOH -— CH, + CO, 


They find that the second reaction depends upon the presence of colloidal or finely 
divided material in the medium which they refer to as a catalyst. By using pre- 
cipitated FeS (or Al (OH)s;) they find only methane produced, while in its absence 
acetic acid is found in the medium and is transformed into CH, only after a long 
period of time. 
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That it is not a matter of protection from oxygen is indicated by 
the fact that controls of the above mentioned medium without 
asbestos, freshly sterilized, cooled, inoculated, and sealed with a 
mixture of vaseline and paraffin produce little or no gas. 


SUMMARY 


The use of shredded asbestos to form an artificial mechanical 
support for the bacteria in the mixed-culture methane fermenta- 
tion of soluble substances has solved the problem of successful 
small inoculations. It has also completely displaced the use of 
sludge solids in the quantitative carbon balance studies in prog- 
ress in this laboratory. 
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Frequent estimation of the population density of microér- 
ganisms is a laborious process when sampling and counting 
methods with their attendant difficulties and errors are used. 
The usual form of turbidimeter requires comparison with stand- 
ards which must be prepared and maintained constant. A neph- 
elometer has been used by Peskett! for measuring the growth 
of yeast. Williams and others? have measured the light absorp- 
tion of yeast suspensions by means of a thermocouple, but this 
method involves the construction of a suitable thermocouple. 
Our device uses an inexpensive Weston Photronic photoelectric 
cell, model 594, the current output of which is essentially a 
linear function of the illumination, and it is used to measure the 
light absorbed by a suspension of microérganisms. 

The apparatus consists essentially of a light source, a recep- 
tacle for the suspension of cells to be measured, the photoelectric 
cell and a microammeter. These may be mounted in a hori- 
zontal position for yeast or other dense suspensions, or vertically 
for the measurement of the less dense suspensions of protozoa. 
It is essential that the suspensions be measured in the usual cul- 


1 Peskett, G. L., Biochem. Jour., 1927, 21, 460-67, used BaSO, standards and 
found the method satisfactory for suspensions between 0.5 and 35 million cells 
per cubic centimeter. 

? Williams, R. J., C. D. McAlister and R. R. Roehm, Jour. Biol. Chem., 1929, 
83, 315-20. Their accuracy was about 3 per cent but the suspensions were trans- 
ferred to a special absorption cell for measurement which offers an opportunity 
for infection. 
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ture tubes uncontaminated by other material or organisms, and 
desirable to avoid the inconvenience and expense of special ab- 
sorption cells. In the horizontal apparatus, figure 1, the light 
is passed through the sides of the tube; in the vertical apparatus, 
figure 2, the cotton plug is temporarily replaced by a cover slip 
and the light passed through the entire tube. 

In the horizontal apparatus the receptacle for the culture tube 
is made from a wooden block with a vertical hole slightly larger 
than the tube. The back of the hole is lined with a V-shaped 
piece of metal (A, fig. 1), and springs (B and C) hold the tube 
firmly against A so that it is always maintained in the same posi- 
tion. A slit (about 8 mm. wide) is cut through the block and 
through the guide A so that a beam of light from the source may 
reach the photoelectric cell. This slit should not be large enough 
to expose the meniscus or the curvature of the bottom of the tube. 
The light source (100-watt projection bulb) is enclosed in a 
metal housing which allows only a beam somewhat larger than 
the slit to reach the block. Another housing made of two thick- 
nesses of black cloth protects the cell from stray light. The 
lamp and housing and the UX socket holding the photoelectric 
cell are fastened 15 em. apart to a base board. The block which 
holds the culture tubes is movable and is fastened by clamps after 
its proper position has been determined experimentally. Since 
the curvature of the 20 by 150 mm. Pyrex tubes used is not 
uniform, it is essential that the trademark should always face 
in the same direction. If this is done, consistent readings are 
obtained at different times with the same tube and contents, 
provided that the tube is clean. 

In the vertical apparatus, figure 2, the bottom of the tube 
rests over a 16-mm. hole in a thin board. The photoelectric 
cell is mounted immediately below this in such a way that the 
light passing through the tube covers mainly the sensitive part 
of the disk and as little as possible falls on the insensitive area. 
About one-third of the sensitive area is utilized. The light 
source is housed immediately above the tube, and the tube is 
held in line with the light by a V-shaped guide (D) and a spring 
(EZ). Since neither the position of the tube nor the light is 
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adjustable in this apparatus, the amount of light impinging upon 
the cell must be controlled by a low resistance rheostat. By 
making the position of the light adjustable the rheostat would not 
be required. With this apparatus the volume of liquid must 
always be the same as that for which the apparatus is calibrated 
(e.g., 20 ee. liquid in 20 mm. tubes). The tubes should always 
be inserted into the holder to face in the same direction. 

The current generated by the cell is measured with a micro- 
ammeter (Weston model 301) having a range of 0 to 500 micro- 
amperes. The position of the comparator block in the hori- 
zontal apparatus or the resistance of the rheostat in the vertical 
apparatus is adjusted so that with a tube containing sterile 
medium a reading of about 450 microamperes is obtained. 
Since the tube acts as a condensing lens, the reading without the 
tube will be about 350 microamperes for the horizontal apparatus 
and this reading may be used as a reference for determining the 
effect of fluctuations in the line voltage supplying the lamp. 
The reading without a tube in the vertical apparatus is only about 
40 microamperes because of the small opening over the cell. 
A clean empty tube which gives a current of about 350 micro- 
amperes may be used as a standard lens for determining line 
voltage variations. 

A fluctuation of about 2 volts in the line carrying 110 volts 
will make a difference of about 10 per cent in the illumination 
and hence in the reading of the ammeter. Since the current 
output of the photoelectric cell is a linear function of the light 
intensity, all of these small differences, found in measurements 
made at different times, may be corrected to a constant reference 
value by proportion. The fluctuations are ordinarily not so 
large. When it is desired to prevent these variations the simple 
scheme of Lewis‘ may be used or a storage battery and a 32 
candlepower automobile headlight bulb. Such a bulb is used 


? Since this was written the Weston model 600 instrument has become avail- 
able with calibrated scale and should be used instead of the former model. The 
model 600 can be obtained with a knife-edged pointer and mirror on special order 
at little additional cost. 

* Lewis, F. G. H., Proc. Phys. Soc. London, 1921, 34, 17-21. 
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in the vertical apparatus, figure 2, but is equally adaptable to 
either. Two photoelectric cells may be arranged in the appa- 
ratus to compensate for line voltage fluctuations but this entails 
an unnecessary added expense.® 

To calibrate the instrument a reference reading of the meter is 
noted and adjusted if necessary to that given by the standard 
line voltage (about 350 microamperes). This adjustment may 
be omitted during future use if all other readings are multiplied 
by a proportionality factor equal to the standard reference 
reading used during calibration divided by the actual reference 
reading taken. With a rheostat in the line this adjustment 
requires only a few seconds. A reading is taken with a tube of 
sterile medium and then with the same tube with medium plus a 
known concentration of the organism, uniformly distributed 
throughout the medium. The second reading may be taken at the 
time of seeding or later during the experiment. The extinction 
coefficient e = — log J / depth of the cell, when J is the intensity 
of illumination. Since the same tube is always compared with 
itself the depth is constant. When J is the reading of the given 
tube with medium only, and J; the reading with a definite number 
of cells, the difference in light absorbed becomes e — e, which is 
— log I — ( — log7/,); orlog I; — log] = E, the light absorbed 
by the cells. The light absorbed is directly proportional to the 
number of cells, and after the apparatus is calibrated for a given 
set of conditions, E may be used as a measure of concentration. 
When the different values of F are determined as the population 


increases the concentrations (C = initial concentration, and 
C; = the concentration at observation 7) may be determined 


by the relations C/C; = E/E,, or C; = : E,andC = C,E/E,. 


When either the initial or final density of the population is 
known, the other values may be calculated from the meter 
readings, provided these readings have been adjusted (if neces- 
sary) to a reference standard. For a given series of measure- 

‘For example, the Exton Scopometer manufactured by Bausch & Lomb 


Optical Co. and Frank’s nephelometer figured by A. Gurwitsch on pp. 16-17 of 
Die Mitogenetische Strahlung, 1932, Berlin. 
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ments under the same conditions C/E becomes merely a corstant 
multiplier of EZ; The following comparison shows that the 
measurements made with the horizontal apparatus with a yeast 
culture are more accurate than the usual counts* made with a 
haemocytometer. The values are the numbers of yeast cells in 
1/250 cu. mm. The numbers in the first line were calculated 
from dilutions of a known suspension in the usual culture medium. 
Number............ 2.0 3.2 5.8 7.7 9.5 11.3 13.0 18.0 24.2 32.7 45.0 55.4 


Number by count.. 2.0 4.0 5.3 8.8 7.2 13.8 14.1 17.8 27.2 32.8 44.1 47.8 
Number from cell.. 2.0 3.8 5.9 8.3 9.6 12.3 14.7 19.7 24.9 34.6 45.3 50.4 


The average mean difference between cell counts and estimations 
with the photoelectric cell in four different growth series was 
1.1 per cent, and the standard deviation of the difference is 1.7 
cells. 

In pure cultures of protozoa, the volume of cells per cc. rarely 
becomes as great as in yeast cultures. The vertical instrument 
was designed to allow the light to pass through a deeper layer of 
the cell suspension. One hundred thousand cells of Euglena 
gracilis gave a value of EF equal to 250 microamperes when a 
volume of 20 cc. was used in an 18 mm. tube. Under similar 
conditions, for 100,000 cells of Chilomonas paramecium per cubic 
centimeter, E = 275. 

The precision of the instrument depends upon the volume of 
liquid traversed by the light impingent upon the cell. In the 
case of the horizontal apparatus, the maximum size of the slit 
which does not include the meniscus of the bottom of the tube 
should be used. This gives a maximum sampling and results in 
greater accuracy. In the vertical instrument the light passes 
through the entire suspension of cells. When organisms are 
used which absorb light selectively, increased precision may be 
attained by the use of a proper filter between the light source 
and the suspension. 

In this discussion it has been assumed that the usual laws of 
absorption apply to suspensions.’ This assumption may be 


* Richards, O. W., Arch. f. Protistenk., 1932, 78, 263-301. 
7 Cf. Kober, P. A. Jour. Ind. and Eng. Chem., 1918, 10, 556-563, for a discus- 
sion of nephelometry and bibliography. 
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made in this case because the differences between suspensions 
and solutions are less than the other errors. Since the cytological 
content and the size of the yeast cells change with the age of the 
culture,* cultures of different ages will not absorb the same 
amount of light per cell. Therefore, the apparatus must be cali- 
brated for the conditions under which it is used.*. This would 
apply to all organisms which undergo cytological and volume 
changes with age or with the type of culture medium employed.® 
The absorption of light is a function of both the content and the 
size of the cells; therefore, measurements taken by this method 
give a combination of both these factors, and this combination 
is believed to be an important additional criterion of growth. 
For example, yeast cells become larger at the end of the first 
cycle of growth and the photoelectric method will not show the 
numerical equilibrium of cells at this time. In this case the 
photoelectric method shows an increase in the amount of light 
absorbed due to an increase in light absorbing material—-a form 
of growth that is not shown by cell counts. A future paper will 
give detailed comparisons of the several criteria of yeast growth. 
In practice the method is simpler than is indicated by this de- 
scription, is more precise for yeast than cell counts, and the 
saving of the investigators’ time is apparent, as the readings 
and the calculations can be made in less time than is required 
for sampling and counting. 


8 These difficulties would probably prevent the use of this apparatus when the 
increase in number of cells, irrespective of their volume, was required. (C/ 
Frank‘ and Richards, O. W. and G. W. Taylor, Biol. Bull., 1932, 63, 113-128.) 

® Other such cases follow: Bacteria, A. T. Henrici, Morphologic variation and 
the rate of growth of bacteria, 1928, Springfield, Ill.; Euglena, F. Mainx, Arch. f 
Protistenk., 1928, 60, 305-414; Polytoma, M. Volkonsky, C. R. Soc. Biol., 1930, 
106, 624-628. 
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Systematic study of the propionic acid bacteria was initiated 
by the interesting observations of von Freudenreich and Orla- 
Jensen (1906) that the formation of the characteristic eyes in 
Emmental cheese is due to the production of carbon dioxide, and 
that the volatile acidity is to be attributed primarily to propionic 
and acetic acids. Moreover, these investigators isolated directly 
from Emmental cheese, microérganisms having the property of 
producing from calcium lactate relatively large quantities of 
propionic acid in addition to acetic acid and carbon dioxide. On 
the basis of cultural and morphological differences, these investi- 
gators recognized two species, one with two varieties. 


1. Bacterium acidi-propionici a 
2. Bacterium acidi-propionict b 
3. Bacillus acidi-propionici 


Morphologically, varieties (1) and (2) showed close resemblance 
to Bacterium lactis-acidi (Streptococcus lactis), being minute rods 
or “stretched cocci,”’ Gram-positive and non-motile. Variety (1) 
was differentiated from (2) by being slightly more anaerobic and 
showing a tendency toward pleomorphism when grown at higher 
temperatures, and by the fact that it did not curdle milk, whereas 
the latter did, after an extended time. Bacillus acidi-propionici 
was characterized as a somewhat irregular rod-shaped organism, 
more anaerobic and also growing at lower temperatures than 


1 Supported in part by a grant from Industrial Science Research funds of lowa 
State College for study of the utilization of wastes by fermentation processes. 
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Bacterium acidi-propionici a and b and capable of curdling milk 
within two days. 

Théni and Allemann (1908) isolated bacteria from the brown 
and red points appearing on the cut surface of Emmental cheese. 
These points were found to be almost pure cultures of organisms 
similar to those described by von Freudenreich and Orla-Jensen, 
but differing in that they produced pigment. Théni and Alle- 
mann designated their organisms Bacterium acidi-propionici var. 
fuscum and var. rubrum, respectively, for the brown and red- 
brown pigment produced. 

Gerda Troili-Petersson (1909) reported the isolation of propionic 
acid bacteria from cheese. She described three relatively dis- 
tinct types, two of which she believed to be identical with Bac- 
terium acidi-propionict a and b of von Freudenreich and Orla- 
Jensen. The third type which she designated as Bacterium 
acidi-propionici c, was differentiated from the others by its 
fermentative behavior. 

Sherman and his associates (1921-1923) published a series of 
papers relating to the significance of bacteria producing propionic 
acid in the production of eyes and the characteristic flavor of 
Swiss cheese. As a result of their investigations, Bacterium 
acidi-propionici d was described. 

With the exception of Orla-Jensen’s proposal of ‘‘propioni- 
bacterium” as a generic designation in 1909, no attempt had 
been made up to 1928 by previous investigators to establish a 
systematic classification and satisfactory nomenclature of the 
microérganisms which have been referred to as propionic acid 
bacteria. Such names as Bacterium acidi-propionici a are not in 
keeping with approved biological nomenclatural practice and are 
invalid. 

Orla-Jensen (1921) later suggested ‘‘Propionicoccus” as an 
additional genus for the spherical forms. 

Bergey (1923, 1925), in the first and second editions of his 
“Manual of Determinative Bacteriology,’ does not mention the 
genera Propionibacterium and Propionicoccus. 

Buchanan (1925) in his “General Systematic Bacteriology” 
mentions that “‘the status of the genus (Propionibacterium) is 
doubtful, as no species is described or referred to” by Orla-Jensen. 
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van Niel (1928) published a comprehensive treatise dealing 
with the classification and chemism of the propionic acid bacteria. 
He recognized eight species as belonging in the genus Propioni- 
bacterium, seven species and one variety previously described in 
the literature and one Propionibacterium technicum as new. van 
Niel proposed correctly-formed names for all the species. 

Bergey (1930) in the third edition of his ‘‘Manual of Determina- 
tive Bacteriology” recognizes the genus Propionibacterium, and 
places it in the family Bacteriaceae, tribe Propionibacterieae, as 
the one genus of that tribe. Bergey’s characterization of the 
tribe Propionibacterieae as aerobic (p. 114) in differentiating it 
from Lactobacilleae is untenable. The propionic acid bacteria 
are probably to be considered more anaerobic than the lactie acid 
forms, and certainly not aerobic. Attention should be called to 
the confusion in Bergey’s manual regarding P. Thénii for which 
the synonym Bacterium acidi-propionici var. rubrum is given. 
van Niel arbitrarily chose Bacterium acidi var. fucus as synony- 
mous with P. Thénii since the work of Thénii and Allemann did 
not adequately differentiate these two species. 

Werkman and Kendall (1931) recognized the eight species of 
van Niel and raised the latter’s P. Jensenii var. raffinosaceum to 
specific rank. 

Bergey (1930) presents a key to the species of the genus Pro- 
pionibacterium, in which rather extensive use is made of pigment 
formation and the ratio of propionic to acetic acid. Such a means 
of differentiation seems impracticable, for Werkman and Kendall 
(1931) observe ‘‘that the production of the deeper colored pig- 
ment is uncertain and not sharply differentiated, and that all the 
species studied by the authors may be considered to produce some 
pigment. The color ranges from a cream to a brownish red. 
Any extensive use of pigment formation leads to confusion.” 
They used pigment production to separate two species, Pro- 
pionibacterium rubrum producing a brownish red, and Propioni- 
bacterium raffinosaceum, producing a cream to buff pigment. 
Bergey separated P. Thénii from P. rubrum by the difference in 
the ratios of propionic to acetic acids, P. Thénii showing a ratio 
of 5:1 and P. rubrum a ratio of 3:1. These two species may be 
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separated on the basis of dissimilation of raffinose, amygdalin, 
salicin and other carbohydrates. 

Hitchner (1932) reported the isolation of two new species of 
propionic acid bacteria. To these he gave the names P. zeae and 
P. arbinosum. 


METHODS AND MATERIALS 


The culture numbers and donors are given. The presence of 
more than one culture number indicates that the culture has been 
in the possession of the investigators whose initials follow the 


TABLE 1 


Agglutination results with P. Freudenreichii antiserum 





| SERUM DILUTIONS 
ANTIGEN | SPECIES NAME eiasatnitasilitinneaiiiaitiialamiaan 





NUMBER o ; 8% | 160 | 320 r : 640 r 1280 
l P. Freudenreichii | 4 4 |; 4 4 3 0 
2 P. Freudenreichii | 4 4 4 4 3 0 
44 P. Freudenreichii | 4 4 4 4 2 0 
37 P. Freudenreichii 4 4 4 4 3 0 
~ grour | 
AGGLUOUTI- 
NATION 
3 P. Shermanii 4 4 3 0 0 0 
4 P. Shermanii 4 4 3 0 0 0 
5 P. Shermanii 4 1 0 0 0 0 
6 P. Shermanii 2 0 0 0 0 0 
15 P. technicum 4 4 4 1 0 0 


























numeral, i.e., number 10 is the same organism which van Niel 
used in his investigations (15V) and was in Sherman’s collection 
as 158. 

Received from Sherman: numbers 1 (68), 2 (19S) (7V), 3 (1S), 
5 (62S) (30V), 10 (15S) (15V), 15 (10S); from van Niel: 20 (4V), 
23 (15V), 27 (1V), 32 (24V), 33 (29V); from Charlton: 36, 37, 
38, 39, 40, 41, 42, 43, 44, 45, 46; from Hitchner: 34 (61H), and 
35 (56H). 

The cultures were grown in a medium of the following composi- 
tion: Difco yeast extract 10 grams, dipotassium hydrogen phos- 
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phate 1 gram, agar (Difco) 15 grams, distilled water 1 liter. 
Brom-thymol-blue was used as an indicator. The pH was 
adjusted to 7.0 to 7.2. 

Aqueous solutions of the various carbohydrates were prepared 
and sterilized separately, and then added to the sterile basic 
medium in quantities equivalent to a concentration of 0.3 per 
cent of the carbohydrate. Final readings of the fermentation 
tests were made after seven days’ incubation at 30°C. Acid 
production was indicated by indicator, checked by titration. 

The agglutination tests were carried out macroscopically in the 
usual manner. Antigens were standardized by the nephelometer. 

It was found that group-agglutination occurred among certain 
of the more closely related species of propionic acid bacteria, and 
in order to arrive at a more adequate serological differentiation, 
agglutinin-absorption tests were run. 

Cultures 1, 3, 8, 11, 13, 15, 27, 32, 34, 35, and 38 were employed 
to immunize rabbits for the preparation of antisera. 


EXPERIMENTAL RESULTS 

Generic diagnosis: Propionibacterium, Orla-Jensen, 1909. 

Short rods, non-motile, non-sporulating, Gram-positive, assuming 
involution forms in acid media or under aerobic conditions. Anae- 
robes, generally catalase-positive, failing to liquefy gelatin or to 
produce indol. Attack carbohydrates, polyalcohols, glucosides and 
hydroxry- and keto-acids with the production of relatively larg 
quantities of propionic acid with lesser amounts of acetic acid and 
carbon dioxide. Require complex organic nitrogen compounds. 
Mesophilic. 

The type species is Propionibacterium Freudenreichii. 

Propionibacterium Freudenreichii van Niel 1928 

Synonym. Bacterium acidi-propionici a von Freudenreich and 
Orla-Jensen 1906. 

Cultures. 1 and 2. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
very short rods, ‘“‘stretched cocci,” 0.5 x 0.6, single, occasionally 
in chains, non-motile, Gram-positive. 
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Cultural characteristics. Growth in liquid medium distinctly 
turbid, ropy sediment, agar stab shows very limited surface 
growth and heavy stab growth. Pigment: cream to yellow, old 
cultures distinctly yellow. 

Biochemical characters. Catalase-positive, nitrates reduced to 
nitrites, indol-negative, acetyl-methyl-carbinol not produced from 
glucose, gelatin not liquefied. 

Dissimilation of carbohydraies. Acid from: adonitol, glucose, 
erythritol, esculin, galactose, glycerol, inositol, levulose and 
mannose. 

No acid from: amygdalin, dextrin, dulcitol, glycogen, inulin, 
lactose, mannitol, maltose, melezitose, melibiose, pectin, raffinose, 
rhamnose, salicin, sorbitol, starch, sucrose, trehalose and xylose. 

Serological results. Maximum titer of antiserum 1 to 640. 
Antiserum shows group agglutination with: 


Propionibacterium Shermanii. .. ree 1 to 160 
Propionibacterium technicum 1 to 320 


No agglutination with other species of propionic acid bacteria 
as follows: P. Peterssonii, culture 11; P. Thénii, cultures 8, 10, 
23 and 39; P. pentosaceum, cultures 13, 20 and 36; P. arabinosum, 
culture 34; P. zeae, culture 35; P. raffinosaceum, cultures 32 and 
33; P. Jensenii, cultures 27 and 45; P. rubrum, cultures 16 and 38. 

Serologically P. Freudenreichii is related to P. Shermanii as 
indicated by cross-agglutination and in this respect agrees with 
the relationship expressed by the morphology and physiology 
of the two species. Morphologically the two species are practi- 
‘ally identical while their abilities to dissimilate carbohydrates 
are likewise very similar, the characteristic difference being the 
inability of P. Freudenreichii to attack lactose. Agglutinin- 
absorption by the two species (table 2) serves to differentiate them 
satisfactorily. 

Serologically P. Shermanii, P. Freudenreichii and P. technicum 
form a subgeneric group, each species showing cross-agglutination 
with the antisera of the others. Homologous absorption in 
each case removed both the homologous and heterologous group 
agglutinins whereas absorption by a heterologous antigen removed 
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only the agglutinins for the absorbing antigen and left the homolo- 
gous agglutinins able to bring about agglutination of the homol- 


TABLE 2 


Agqglutinin-absorption result 


ANTISERUM ABSORBED BY AGGLUTINATIN 
40 8 

P. Freudenreichivi (1) P. Freudenreici l 0'0.,.0/,0 

P. Freud nreichii (1) P. Shermanii (3) ) 0 0 () 

P. Freudenreichii (1) P. technicum (15) 0° 0:0 O 

P. Freudenrei- P. Shermanii (3) P. Shermanii (3 0'0:0.0 
chit P. Shermanii (3) P. Freudenreicl ] i { ; | 0 
P technic an (15) P technicum (15) 0 0) 0) ) 

P. technicum (15) P. Freudenreich 1) 4 } 2 1 

P. technicum (15) P. Shermanii (3) 31:0;:0/;0 

P. Shermanii (3) P. Sherman (3) 0'0:;:0'0 

P. Shermanii (3) P. Freudenreichii (1) 0:':0,0.0 

P. Shermanii (3) P. technicum (15) 0° 0:0 0 

P. Freudenreichii (1) P. Freudenrcicl (1 0° 0':0 0 

P. Shermanii P. Freudenreicl (1) P. technicum (15) 4 0 0) 0 
P Fre udenreichii (1) P Sherman (3) 4 { 3 é 

P technicun (15) P technicum (15) 1) i) ) i) 

P. technicum (15) P. Freudenreichii (1) 0'0'0°50 

P ftechnicum (15) P Shermanii (3) 4 4 > 0 

P. technicum (15) P. technicum (15) 0:00.00 

P. technicum (15) P. Freudenreichii (1) 0':0:':0'°0 

P. technicum (15) pP Shermanit (3) 0 0 0) 0 

P. Freudenrerchii (1) P. Freudenreichii (1) 4; 01'0/0 

P. te chnicum P. Freudenre ichii (1) P. technicum (15) 4 4 4 4 
P. Freudenreichii (1) P. Shermanit (3) 2':0:;:0;0 

P. Shermanii (3) P. Shermanii (3) 0'0:':0'0 

P. Shermanii (3) | P. technicum (15) i $1'2;,0 

P. Shermanii (3) | PP. Freudenreich (1) 0 0 0 0 


ogous antigen at nearly the maximum titer. The results of the 
agglutinin-absorption tests separated the species nicely. 
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Propionibacterium Shermanii van Niel 1928 


Synonym. Bacterium acidi-propionici d Sherman 1921. 

Culture. 3, 4, 5, and 6. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
short rods, 0.5 x 0.6y, single, non-motile, Gram-positive, meta- 
chromatic granules. 

Cultural characteristics. In liquid medium: moderately turbid, 
ropy sediment. Agar stab: very slight surface growth, abundant 
stab growth, Pigment: slight, yellowish. Litmus milk: com- 
plete decolorization, acid, coagulation. 

Biochemical characters. Catalase-positive, indol-negative, ni- 
trates not reduced, acetyl-methyl-carbinol not produced from 
glucose, gelatin not liquefied. 

Dissimilation of carbohydrates. Acid from adonitol, arabinose, 
arabitol, glucose, erythritol, esculin, galactose, glycerol, inositol, 
lactose, levulose and mannose. 

No acid from amygdalin, dextrin, dulcitol, glycogen, inulin, 
mannitol, maltose, melezitose, melibiose, perseitol, pectin, 
raffinose, rhamnose, salicin, sorbitol, sucrose, starch, trehalose 
and xylose. 

Serological results. Maximum titer of antiserum 1 to 1280. 
Antiserum shows group agglutination with: 


P. Freudenreichii. .. di weg . 1 to 320 


P. technicum....... ; rhea aes . 1 to 320 


No agglutination with other species of propionic acid bacteria, 
as follows: P. Peterssonii, culture 11; P. pentosaceum, cultures 13, 
20 and 36; P. Jensenii, cultures 27 and 45; P. arabinosum, culture 
34; P. zeae, culture 35; P. raffinosaceum, cultures 32 and 33; P. 
rubrum, cultures 16 and 38; P. Thénii, cultures 8, 10, 23 and 39. 

The agglutinative behavior of P. Shermanii antiserum toward 
antigens of P. Freudenreichii and P. technicum agrees nicely with 
the behavior of P. Freudenreichii antiserum toward antigens 
of P. Shermanii and P. technicum, andjlends confirmation to the 
suggested existence of a subgeneric grouping of these three species 
(table 2). 
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Propionibacterium technicum van Niel 1928 


Synonym. None. 

Culture. 15. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
the cells appear as short rods, 0.5 x 1.1y, usually arranged in pairs. 
non-motile, Gram-positive, showing metachromatic granules. 

Cultural characteristics. In liquid medium the growth is 
moderately turbid, the sediment extremely flocculent. In agar 
stab, growth is abundant, with little or no surface growth. No 


TABLE 3 


Agglutination results with P. Shermanii antiserum 


| SERUM DILUTIONS 








ANTIGEN | SPECIES NAME — 5 - 
NUMBER | ; 4 | 8O | 160 320 640 | «1280 2560 
3 P. Shermanii | 4 4 | 4 4 4 3 0 
4 P. Shermanii | 4 | 4 4 | 4 4 2 0 
5 P. Shermanii | 4 4 4 | 4 4 0 0 
| 
6 P. Shermanii | 4 4 4 4 | 4 0 0 
— | | | | | 
GROUP | | 
AGGLUTI- | | | | | 
NATION | | | | 
engEnennnEEe | | 
1 P. Freudenreichii | 4 | 4 | 4 | 3 | O 0 0 
2 P. Freudenreichii 4/4/41] 4 1] 0 0 0 
| | | 
| 
| 4 4 0 0 0 


15 P. technicum 4 | 4 


‘ 


growth at 37° Pigment creamy yellow. Litmus milk slightly 
decolorized, slight acidity and coagulation. 

Biochemical characters. Catalase-positive, nitrates not reduced 
to nitrites, indol-negative, acetyl-methyl-carbinol not produced 
from glucose, gelatin not liquefied. 

Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabitol, arabinose, glucose, dextrin, erythritol, esculin, galactose, 
glycerol, glycogen, lactose, levulose, mannitol, mannose, maltose, 
raffinose, salicin, sucrose and starch. 

No acid from dulcitol, inulin, melezitose, melibiose, perseitol, 
pectin, rhamnose, sorbitol, trehalose and xylose. 
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Serological results. Maximum titer of antiserum 1 to 640. 
Antiserum shows group agglutination with: 
P. Freudenreichii 1 to 160 
P. Shermanii.. 1 to 160 
No agglutination with other species of propionic acid bacteria, 
as follows: P. Thénii, cultures 8, 10 and 23; P. Peterssonii, cul- 
ture 11; P. pentosaceum, cultures 13 and 20; P. raffinosaceum, 
cultures 32 and 33; P. Jensenii, cultures 27 and 45; P. rubrum, 
cultures 16 and 38; P. arabinosum, culture 34; P. zeae, culture 35. 
TABLE 4 


Agglutination results with P. technicum antiserum 


SERUM DILUTIONS 





ANTIGEN GPCRS MAMBO Rt]... — es ~— 
NUMBER 40 80 | 160 320 } 640 1280 
15 P. technicum QQ | @ + 4-5 @.7 9 0 

—- | i 
GROUP | | | | 
ao a a ee | 
= = | ! } 
l P. Freudenreichii | 4 4 | 4 0 0 | 0 
2 P. Freudenreichin =| 4 | 4 | 3 | O | O | O 
| | | 
3 P. Shermanii | 4 | 4 | 3 | 0! 0 1] Oo 
4 P. Shermanii | 4; 4] 2 | 0 | 0 | 9 
5 P. Shermanii ia}, @¢] @}e],0¢] 8 
6 P. Shermanii a a 2 Step 2 


A discussion of the cross-agglutination of P. technicum with 
P. Freudenreichii and P. Shermanii has been given under the 
description of P. Freudenreichii. The results in table 4 lend 
further confirmation to the suggested subgeneric grouping of the 
three species. 


Propionibacterium raffinosaceum Werkman and Kendall 1931 


Synonyms. Bacterium acidi-propionici b von Freudenreich 
and Orla-Jensen (in part), 1906. Propionibacterium Jensenii var. 
raffinosaceum van Niel 1928. 

Culture. 32. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
rods, single and short chains, 0.7 x 1.0-1.7u, longer than P. 
Jensenii, non-motile, Gram-positive, metachromatic granules. 

















PROPIONIC ACID BACTERIA 103 


Cultural characteristics. Growth in liquid medium: only 
slightly turbid, sediment flaky. Agar stab: moderate surface 
growth, abundant stab growth, orange-yellow pigment. No 
growth at 37°C. Litmus milk: complete decolorization of indi- 
cator, slight acid reaction, coagulation. 

Biochemical characters. Catalase-positive, indol-negative, ni- 
trates not reduced to nitrites, acetyl-methyl-carbinol not pro- 
duced from glucose. No gelatin liquefaction. 

Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabitol, glucose, erythritol, esculin, galactose, glycerol, inositol, 
lactose, levulose, mannitol, mannose, maltose, melezitose, raffi- 
nose, salicin, sucrose and trehalose. 

No acid from arabinose, dextrin, dulcitol, glycogen, inulin, 
melibiose, perseitol, pectin, rhamnose, sorbitol, starch and xylose. 

Serological results. Maximum titer of antiserum greater than 
1 to 2560. Antiserum shows group agglutination with: 


P. Peterssonii 1 to 160 
P. pentosaceum lto S80 
P.. arabinosum lto 80 


No agglutination with other species of propionic acid bacteria, 
as follows: P. Freudenreichii, cultures 1, 2, 37 and 44: P. Sher- 
manii, cultures 3, 4, 5 and 6; P. rubrum, cultures 16 and 38; P. 
Thénii, cultures 8, 10, 23 and 39; P. Jensenii, cultures 27 and 45; 
P. zeae, culture 35; P 

The antiserum of P. raffinosaceum shows agglutination of P. 


pentosaceum, P. Peterssonii and P. arabinosum (table 5). It is 


. technicum, culture 15. 


to be noted that the serum of each of the last two species in no 
case agglutinates P. raffinosaceum and that the serum of P, 
raffinosaceum does not agglutinate P. Jensenii, nor does the serum 
of P. Jensenii agglutinate P. ruffinosaceum, all of which gives 
weight to recognition of P. raffinosaceum as a species. It will b 
recalled that van Niel considered P. raffinosace um asa \ ariety of 
P. Jensenii. 

A very weak agglutination of P. raffinosaceum occurs with anti- 
serum of P. pentosaceum. 


The results of the agglutinin-absorption tests distinctly sepa- 
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rate P. raffinosaceum and P. Peterssonii. The absorption of 
agglutinins for P. raffinosaceum by P. Peterssonii antigen is 
“ negligible (table 6). 


TABLE 5 


Agglutination results with P. raffinosaceum antiserum 
99 


| 
SERUM DILUTIONS 
ANTIGEN | SPECIES NAME LD 




















NUMBER | ; 40 | 8 | 1600 |; 320 640 | 1280 2560 
32. CO P. raffinosaceum | 4]41] 4 | 4 4 4 | 4 
33 | P. raffinosaceum | 4 | 4 4|;,41] 4 : 2 = 
~ anour | 
AGGLUTI- | 
NATION | 
a 
11 P. Peterssonii 4 4 3 0 0 0 | 0 
| | 
13 P. pentosaceum 4 3 0 0 0 0 | O 
20 | P. pentosaceum 4 3 0 0 0 0 | 0 
36 P. pentosaceum 4 4 0 0 | 0 0 |; 0 
34 | P. arabinosum 4 3 0 0 | 0 | 0 | 0 





TABLE 6 


Agglutinin-absorption results 


| DILUTIONS 
ANTISERUM ABSORBED BY AGGLUTINATING a a 
| | 40 | 80 | 160) 320 
| P. raffinosaceum (32) P. Peterssonii (11) 0;0/;0/0 
| P. raffinosaceum (32) P. raffinosaceum (33) |0|}0)0/0 
P. rafino- || P. raffinosaceum (32) | P. rafinosaceum (32) |0};0/;0/0 

saceum } 

| P. Peterssonii (11) | P. Peterssonii (11) 0;0'0/0 
P. Peterssonii (11) | P. raffinosaceum (32) 4\;4/41/4 





Propionibacterium Jensenii van Niel 1928 


Synonym. Bacterium acidi-propionici b von Freudenreich and 
Orla-Jensen 1906. 


Culture. 27. 
Morphology. In yeast-glucose-phosphate medium at 30°C. 
short rods, 0.7 x 0.8-1.3u, shorter than P. raffinosaceum, single, 
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non-motile, Gram-positive. Tendency to form involution forms 
in acid media not as pronounced as with certain other species. 

Cultural characteristics. Pigment: orange to yellow, distinctly 
yellow in old cultures. Surface growth more deeply pigmented. 
Slow coagulation of milk. Litmus milk reduced, acid. 

Biochemical characters. Catalase-positive, nitrates not reduced 
to nitrites, no gelatin liquefaction, acetyl-methyl-carbinol pro- 
duced from glucose. 


TABLE 7 


Agglutination results with P. Jensenii antiserum 


SERUM DILUTIONS 


ANTIGEN SPECIES NAME - ——- - 
NUMBER | 40 80 100 $20 640 1280 
27 P. Je nsenii | 4 4 4 4 3 8] 
45 | P. Jensenii 4 4 4 4 2 0 
"group | | 
AGGLUTI- | | | 
NATION | | | 
ll P. Peterssonii 4 | 4 4 0 0 0 
| | | | 
8 | P. Thonii | 4 4 | 3 0 0 0 
10 | P. Thénii | 4]|4] 4 ] 0 0 0 
23 P. Thinii 4 4 4 0 0 0 
| 
| | 
13 P. pentosaceum | 4 3 | oO | Oo 0 0 
20 | ,. pentosaceum 4 | 2 0 | 0 0 0 
36 P. pentosaceum 4 3 0 0 0 0 


Dissimilation of carbohydrates. Acid from adonitol, arabitol, 
glucose, erythritol, esculin, galactose, glycerol, inositol, lactose, 
levulose, mannitol, mannose, maltose, sucrose and trehalose. 

No acid from amygdalin, arabinose, cellobiose, dextrin, dulcitol, 
glycogen, inulin, melezitose, melibiose, perseitol, pectin, raflinose, 
rhamnose, salicin, sorbitol, starch and xylose. 

Serological results. Maximum titer of antiserum 1 to 640. 
Antiserum shows group agglutination with: 


P. Peterssonii 1 to 160 
P. Thénii... ; 1 to 160 
P. pentosaceum.. ; lto 80 
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No agglutination with other species of propionic acid bacteria 
as follows: P. Freudenreichii, cultures 1, 2, 37 and 44: P. Sher- 
manii, culture 3, 4, 5 and 6; P. rubrum, cultures 16 and 38; P. 
raffinosaceum, cultures 32 and 33; P. zeae, culture 35; P. arabino- 
sum, culture 34; and P. technicum, culture 15. 


TABLE 8 


Agglutinin-absorption results 


DILUTIONS 


ANTISERUM ABSORBED BY | AGGLUTINATING - 
40 | 80 | 160 | 320 
P. Jensenii (27) P. Jensenii (27) ;}0)}0);0)0 
P. Jensenii (27) P. Peterssonii (11) 0'0/'0!/0 
P. Jensenii (27) | P. Thénii (8) 0'0/;0/50 
| } 
} | 
P. Théinii (S) P. Thinii (8) 0:0 0 0 
P. Jensenii P. Thénir (8) P. Peterssonii (11) 0:'0:':0:/0 
P. Thénii (8) | P. Jensenii (27) 4}4/;4/)1 
| P. Peterssonii (11) | P. Peterssonii (11) |0|0|01/0 
| P. Peterssonii (11) P. Thénii (8) 0 0 0 0 
| 
P. Peterssonii (11) P. Jensenii (27) 414;3;0 
] i 
}] P. Thénii (8) P. Théinii (8) 0'0;0/0 
| ro | 
P. Thénii (8) P. Peterssonii (11) 131:0;0;0 
P. Thinii (8) | P. J nsenii (27) 0 0 0 0 


P. Peterssonii (11) P. Peterssonii (11) 0';0;0'0 


P. Thinii P. Peterssonii (11) P. Thénii (8) 4 4 4/13 
P. Peterssonii (11) P. Jensenii (27) 4';4,;2;0 
P. Jensenii (27) P. Jensenii (27) 0 0 0 0 
P. Jensenii (27) P. Peterssonii (11) 4 31010 


P. Jensenii (27) P. Thénii (8) 4 4 4 2 


P. Jensenii is easily differentiated from P. Peterssonii and P. 
Thénii which its serum cross agglutinates, by the results of 
agglutinin-absorption (table 8). The cross agglutination of 
P. Jensenii serum and antigen of P. pentosaceum is weak and 
there is no difficulty in separating the species. 


Propionibacterium Peterssonnii van Niel 1928 


Synonym. Bacterium acidi-propionici c Troili-Petersson 1909. 
Culture. 11, 12, 24 and 25. 
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Morphology. In yeast-glucose-phosphate medium at 30°C. 
short rods, 0.7 x 1.44, single and in pairs, non-motile, Gram-posi- 
tive, metachromatic granules. 

Cultural characteristics. Growth in liquid medium: slightly 
turbid, flocculent. Agar stab: moderate surface growth, abun- 
dant stab growth with yellow pigment. Litmus milk slightly 
decolorized, acid and slightly coagulated. 

Biochemical characters. Catalase-positive, nitrates not reduced 
to nitrites, indol-negative, acetyl-methyl-carbinol not (?) pro- 
duced from glucose. No gelatin liquefaction. 


TABLE 9 


Agglutination results with P. Peterssonii antiserum 





{ 
} SERUM DILUTIONS 
} — 

| 


ANTIGEN | SPECIES NAME a a 
NUMBER | 40 80 160 320 640 1280 
11 | P. Peterssonii | 4 4 4 4 4 0 
sedated 
GROUP | | 
AGGLOTI- | | | 
NATION 
aun — } | 
13 | P. pentosaceum 3 ] 0 0 | O 0 
20 P. pentosaceum | 3 1 0 | O 0 0 
34 P. arabinosum S. 2 2h. 0 0 0 





Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabitol, glucose, erythritol, esculin, galactose, glycerol, inositol, 
lactose, levulose, mannitol, mannose, maltose, melezitose, salicin, 
sucrose and trehalose. 

No acid from arabinose, cellobiose, dextrin, dulcitol, glycogen, 
inulin, melibiose, perseitol, pectin, raffinose, rhamnose, sorbitol, 
starch and xylose. 

Serological results. Maximum titer of antiserum 1 to 640. 
Antiserum shows group agglutination with: 


P. pentosaceum.. 1 to 80 
P. arabinosum. . 1 to 80 


No agglutination with other species of propionic acid bacteria, 
as follows: P. Freudenreichii, cultures 1, 2, 37 and 44; P. Thdnii, 
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cultures 8, 10 and 23; P. Shermanii, cultures 3, 4, 5 and 6; P. 
raffinosaceum, cultures 32 and 33; P. zeae, culture 35; P. technicum, 
culture 15; P. Jensenii, cultures 27 and 45; P. rubrum, cultures 16 
and 38. 

P. Peterssonii, P. pentosaceum and P. arabinosum appear to 
form a subgeneric group. The antiserum of each shows cross 
agglutination of the other two antigens. The agglutinin-absorp- 
tion tests differentiated the species nicely (table 10). 


TABLE 10 


Agglutinin-absorpltion results 














| DILUTIONS 
ANTISERUM ABSORBED BY AGGLUTINATING ERE —- 
| 40 | 80 | 160 320 
er er 
P. Peterssonii (11) P. Peterssonii (11) ;}0)0 ;0,0 
P. Peterssonii (11) P. pentosaceum (13) | 0/0 10 0 
P. Peterssonii (11) P. arabinosum (34) 0/0 | 0 0 
P. arabinosum (34) P. arabinosum (34) 0|;0 | 0/0 
P. Peterssonii ¢ P. arabinosum (34) P. pentosaceum (13) 0/;0)/0)0 
P. arabinosum (34) P. Peterssonii (11) 4/4 | 3/0 
| 
| 
P. pentosaceum (13) P. pentosaceum (13) | 0 | 0;0/;0 
P. pentosaceum (13) P. arabinosum (34) 4/0/0/0 
P. pentosaceum (13) P. Peterssonii (13) 14)413 | 2 
' i 








Propionibacterium pentosaceum van Niel 1928 

Synonym. Bacillus acidi-propionicti von Freudenreich and 
Orla-Jensen 1906. 

Culture. 13, 20 and 31. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
rods, 0.9 x 1.6u, single, in pairs and short chains, cells may be 
swollen, branched, curved. Non-motile, Gram-positive, with 
metachromatic granules. 

Cultural characteristics. Agar stab: moderate surface growth, 
abundant in stab with cream-colored pigment. Litmus milk 
decolorized, acid and slightly coagulated. 

Biochemical characters. Catalase-positive (weak), nitrates re- 
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duced to nitrites, indol-negative, acetyl-methyl-carbinol not pro- 
produced from glucose, no gelatin liquefaction. 

Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabinose, arabitol, cellobiose, glucose, erythritol, esculin, galac- 
tose, glycerol, inositol, lactose, levulose, mannitol, mannose, mal- 
tose, melezitose, melibiose, raffinose, rhamnose, salicin, sorbitol, 
sucrose, trehalose and xylose. 

No acid from dextrin, dulcitol, glycogen, inulin, perseitol, 
pectin. Starch is very slightly attacked. 

TABLE 11 
Agglutination results with P. pentosaceum antiserum 


SERUM DILUTIONS 
ANTIGEN SPECIES NAME . 


NUMBER | 7 0 : 80 160 320 640 1280 
13 | P. pentosaceum 4 4 4 4 4 i 3 
20 | P. pentosaceum 4 4 4 4 4 3 0 
36 P. pentosaceum 4 4 4 4 4 3 0 
"GROUP | 
AGGLUTI- | 
NATION | | 
cnet cage | 
11 P. Peterssonii | 4 | 4 4 3 2 0 0 
| } 
34 Ci P. arabinosum 4 3 0 0 0 0 0 
| 
32 | P. raffinosaceum 2 0 0 0 0 0 0 
33. | ~~ ~P. raffinosaceum 0 0 0 0 0 0 0 


Serological results. Maximum titer of antiserum 1 to 2560. 
Antiserum shows group agglutination with: 


P. Peterssonii 1 to 640 
P. arabinosum lto 80 
P. raffinosaceum lto 40 


No agglutination with other species of propionic acid bacteria 
as follows: P. rubrum, cultures 16 and 38; P. Freudenreichii, 
cultures 1, 2 and 37; P. Shermanii, cultures 3, 4,5 and 6; P. Thénii 
cultures 8, 10 and 23; P. zeae, culture 35; P. technicum, culture 
15; P. Jensenii, cultures 27 and 45. 

A slight agglutination of P. raffinosaceum at 1:40 occurred but 
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in view of the relatively low dilution of the serum, it was felt 
unnecessary to run absorption tests. Table 11 shows the group- 
ing of P. Peterssonii, P. pentosaceum and P. arabinosum and table 
12 again shows the clear separation of the three species on the 
basis of agglutinin-absorption. 


TABLE 12 


Agglutinin-absorplion results 














| DILUTIONS 
ANTISERUM | ABSORBED BY AGGLUTINATING aepemuees — 
| 40 | 80 | 160/320 
(| P. arabinosum (34) P. arabinosum (34) 0'0!':0/0 
| P. arabinosum (34) P. Peterssonii (11) 0/0 0:0 
| P. arabinosum (34) P. pentosaceum (13) 0/0 10/0 
| 
| } | 
| P. pentosaceum (13) P. pentosaceum (13) 0,;0/0/0 
P. arabinosum: P. pentosaceum (13) P. Peterssonii (11) 4/1/;0)0 
| P. pentosaceum (13) P. arabinosum (34) 4\/4/4 4 
| 
| 
P. Peterssonii (11) P. Peterssonii (11) 0'0/;0/0 
| P. Petersson (11) | P. pentosaceum (13) 4/3 | 0 0 
y P. Peterssonii (11) P. arabinosum (34) 4'4;4/2 
| | 
{| P. pentosaceum (13) P. pentosaceum (13) 4 4 2/10 
P. pentosaceum (13) P. Peterssonii (11) 0;0/;0/0 
| P. pentosaceum (13) P. arabinosum (34) 0/0 | 0;|0 
| | 
Pp at P. Peterssonii (11) P. Peterssonii (11) 0/0 |0)0 
; ae si P. Peterssonii (11) P. arabinosum (34) 0/0 |0/0 
— P. Peterssonii (11) P. pentosaceum (13) | 4 | 4\4 | 3 
P. arabinosum (34) | P. arabinosum (34) 0 0 0 0 
P. arabinosum (34) P. Peterssonii (11) 4 4/2/0 
P. arabinosum (34) | P. pentosaceum (13) | 4 4.4 4 





Propionibacterium arabinosum Hitchner 1931 


Synonym. None. 

Culture. 34. 

Morphology. In yeast-glucose-phosphate medium, rods elon- 
gated, curved, swollen, thread like, single, pairs and long chains, 
3.0-8.0 x 0.8-1.4y, Gram-positive, non-motile. In a neutral 
medium relatively short rods. 
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Cultural characteristics. In agar stab, moderate surface growth, 
abundant stab growth, light orange pigment. 

Biochemical characters. Catalase-negative, nitrates slowly re- 
duced, milk coagulated in three to four weeks. Gelatin not 
liquefied. Acetyl-methyl-carbinol not produced from glucose. 

Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabinose, arabitol, glucose, dextrin, erythritol, esculin, galactose, 
glycerol, glycogen, inositol, lactose, levulose, mannitol, mannose, 
maltose, melezitose, rhamnose, salicin, sucrose, starch and 
trehalose. 

No acid from cellobiose, dulcitol, inulin, melibiose, pectin, 
raffinose and xylose. 

Serological results. Maximum titer of antiserum 1 to 2560. 
Antiserum shows group agglutination with: 


P. pentosaceum 1 to 320 
P. Peterssonii 1 to 160 


No agglutination with other species of propionic acid bacteria, 
as follows: P. Freudenreichii, cultures 1 and 2; P. Shermanii, 
cultures 3, 4,5 and 6; P. Thénii, cultures 8, 10 and 23: P. techni- 
cum, culture 15; P. rubrum, cultures 16 and 38; P. raffinosaceum, 
cultures 32 and 33; P. Jensenii, cultures 27 and 45; P. zeae, 
culture 35. 

The same grouping is again apparent, placing P. arabinosum, 
P. Pentosaceum and P. Peterssonii together (table 13). Sepa- 
ration of species is again accomplished easily by agglutinin- 
absorption tests (table 12). 


Propionibacterium zeae Hitchner 1931 


Synonym. None. 

Culture. 35. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
rods, somewhat swollen, stains irregularly, size 2.5-4.0 x 1.2-1.4y, 
Gram-positive, non-motile. 

Cultural characteristics. Growth in agar stab, luxuriant, 
moderate surface growth, pigment orange. In liquid medium 
pronounced turbidity, ropy sediment. Milk is not coagulated. 
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Biochemical characters. Catalase-positive, nitrates not re- 
duced. Indol-negative. Acetyl-methyl-carbinol not produced 
from glucose. 

Dissimilation of carbohydrates. Acid from adonitol, arabitol, 
glucose, dextrin, erythritol, esculin, galactose, glycerol, glycogen, 
inositol, levulose, mannitol, mannose, maltose, melezitose, meli- 
biose, raffinose, salicin, sucrose, starch and trehalose. 

No acid from amygdalin, arabinose, cellobiose, dulcitol, inulin, 
lactose, pectin, rhamnose and xylose. 

Serological results. Maximum titer of antiserum 1 to 1280. 
Antiserum does not agglutinate other species of propionic acid 
bacteria, as follows: P. Shermanii, cultures 3, 4, 5 and 6; P. 


TABLE 13 


Agglutination results with P. arabinosum antiserum 





i SERUM DILUTIONS 


ANTIGEN SPECIES NAME a= 2 
NUMBER | 40 | 80 | 160 | 320 640 | 1280 | 2560 
34 | P.arabinosum =| 4 | 4}a;ala] a] 3 

“enovur / | | 
AGGLUTI- | | 
NATION | | | 
13 | P. pentosaceum 4;4] 4] 8 0 | 0 | O 
20 P. pentosaceum ie. ey 4 . 1S | 0 0 
| | } | 
ll P. Peterssonii | 4 4 » 2.82.3: 8 | 2 0 





Freudenreichii, cultures 1 and 2; P. Thénii, cultures 8, 10 and 23; 
P. technicum, culture 15; P. raffinosaceum, culture 32; P. rubrum, 
culture 38; P. pentosaceum, culture 13; P. Peterssonii, culture 11; 
P. arabinosum, culture 34; P. Jensenii, culture 27. 

P. zeae is unique among the species of Propionibacterium in 
that its antiserum does not agglutinate the antigen of any other 
of the species and in turn antigen of P. zeae is not agglutinated by 
the antiserum of any other species. 





Propionibacterium Thénii van Niel 1928 


Synonym. Bacterium acidi-propionici var. rubrum Thoénii and 
Allemann 1908. 
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Cultures. 8, 10, 22, 23 and 30. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
short rods, 1.0 x 1.5u, short chains, non-motile, Gram-positive, 
metachromatic granules. 

Cultural characteristics. Growth in liquid medium moderately 
turbid, ropy sediment. Abundant growth in agar stab with 
slight surface growth. Pigment, dark red-orange. Litmus milk 
slightly decolorized, slight acidity and coagulation. 


TABLE 14 


Agglutination results with P. Théinii antiserum 


| SERUM DILUTIONS 








ANTIGEN SPECIES NAME - -~— + +--+ — +--+ — - + 

NUMBER | 40 80 160 320 640 1280 
8 P. Thénii 4 4 Se fs 3 0 
10 P’, Thénii | 4 4 4 | 3 2 0 
23 P. Thénii 4 |} 4 4 3 2 0 
39 | P. Thinii 4 | 4 4 | 4 3 0 

GRour | | | 

AGGLUTI- | | 

NATION 
27 P. Jensenii 4 4 3 0 0 0 
11 P. Peterssonii 4 3 0 0 0 0 


Biochemical characters. Catalase-positive, indol-negative, ni- 
trates not reduced to nitrites, acetyl-methyl-carbinol produced 
from glucose. No gelatin liquefaction. 

Dissimilation of carbohydrates. Acid from adonitol, arabitol, 
glucose, erythritol, esculin, galactose, glycerol, lactose, levulose, 
mannose, maltose, salicin, sorbitol, sucrose and trehalose. 

No acid from amygdalin, arabinose, dextrin, dulcitol, glycogen, 
inulin, mannitol, melezitose, melibiose, perseitol, pectin, raffinose, 
rhamnose, starch and xylose. 

Serological results. Maximum titer of antiserum 1 to 640. 

Antiserum shows group agglutination with: 


P. Jensenii..... 1 to 160 
P. Peterssonii .. lto 80 
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No agglutination with other species of propionic acid bacteria 
as follows: P. Freudenreichii, cultures 1 and 2; P. Shermanii, 
cultures 3, 4, 5 and 6; P. pentosaceum, cultures 13 and 20; P. 
raffinosaceum, cultures 32 and 33; P. zeae, culture 35; P. arabino- 
sum, culture 34; P. rubrum, cultures 16 and 38; P. technicum, 
culture 15. 

It is interesting to note that P. Thénii shows no cross aggluti- 
nation with P. rubrum, two species which were separated and 
recognized by van Niel (1928) only after careful consideration of 
their physiological behavior. P. rubrum attacked raffinose and 
mannitol, whereas P. Thénii did not; also the latter produced 
greater quantities of acid from glucose. Serologically the species 
are distinct. P. Thénii antiserum shows cross agglutination of 
P. Jensenii and P. Peterssonnii (table 14) but separation is accom- 
plished by agglutinin-absorption (table 8). 


Propionibacterium rubrum van Niel 1928 


Synonym. Bacterium acidi-propionici var. rubrum Thonii and 
Allemann 1908. 

Culture. 38, 9, 16 and 19. 

Morphology. In yeast-glucose-phosphate medium at 30°C. 
short rods, singly or in pairs, 0.8 x 1.24, non-motile, Gram- 
positive, metachromatic granules. 

Cultural characteristics. In agar stab, growth luxuriant, mod- 
erate surface growth. Red-orange pigment. In liquid medium, 
slight turbidity, sediment finely flocculent, showing reddish 
orange pigment. Litmus milk, slight decolorization, acid and 
slow coagulation. 

Biochemical characters. Catalase-positive, indol-negative, ni- 
trates not reduced to nitrites, no gelatin liquefaction, and no 
acetyl-methyl-carbinol produced from glucose. 

Dissimilation of carbohydrates. Acid from adonitol, amygdalin, 
arabitol, glucose, erythritol, esculin, galactose, glycerol, lactose, 
levulose, mannitol, mannose, maltose, melezitose, raffinose, sal- 
icin, sucrose and trehalose. 

No acid from arabinose, dextrin, dulcitol, glycogen, inositol, 
inulin, melibiose, perseitol, pectin, rhamnose, starch and xylose. 
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Serological resulis. Maximum titer of antiserum 1 to 640. 
Antiserum shows group agglutination with: 


P.. Peterssonii 1 to 40 
P. pentosaceum 1 to 40 
P. arabinosum 1 to 40 


No agglutination with other species of propionic acid bacteria 
as follows: P. Freudenreichii, culture 1; P. Shermanii, cultures 3 
and 4; P. technicum, culture 15; P. Thénii, culture 8: P. Jensenii, 


culture 27; P. raffinosaceum, cultures 32 and 33; P. zeae, culture 35. 


TABLE 15 


Agglutination results with P. rubrum antiserum 


SERUM DILUTIONS 





ANTIGEN SPECIES NAME ——— - 

NUMBER | | 40 80 160 320 640 1280 
38 P. rubrum 4 4 | 4 4 3 0 
16 P. rubrum P Se ei Go © 2 0 0 

“encur | | 

AGGLUTI- | | 

NATION | 
11 P. Peterssonii | 4 | 0 0 | O 0 0 

| | | 
13 P. pentosaceum eo ts | @ 0 0 0 
20 P. pentosaceum 4 | O 0 0 0 0 
34 P. arabinosum | 4 0 0 0 0 0 








P. rubrum antiserum showed agglutination at a dilution of 1:40 
of all three members of the last subgroup (table 15) although the 
sera of none of the group agglutinated P. rubrum. P. rubrum 
is unusual in that it is not agglutinated by the antiserum of 
another species at the serum dilutions used. 


KEY TO THE SPECIES OF THE GENUS PROPIONIBACTERIUM 


A. Attacking sucrose and maltose 
B. Attacking the polysaccharides (starch, dextrin, glycogen) 
C. Attacking lactose and arabinose 
D. Attacking rhamnose and trehalose, not attacking raffinose, cata- 
lase-negative 
—Propionibacterium arabinosum 
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DD. Not attacking rhamnose and trehalose, attacking raffinose, cata- 
lase-positive 
‘ —Propionibacterium technicum 
CC. Not attacking lactose and arabinose 
—Propionibacterium zeae 
BB. Not attacking polysaccharides 
C. Attacking xylose and arabinose, nitrates reduced 
—Propionibacterium pentosaceum 
CC. Not attacking xylose and arabinose, nitrates not reduced 
D. Attacking raffinose 
E. Pigment yellow 
—Propionibacterium raffinosaceum 
EE. Pigment red-brown 
—Propionibacterium rubrum 
DD. Not attacking raffinose 
E. Attacking mannitol, not attacking sorbitol 
F, Attacking amygdalin and salicin 
—Propionibacterium Peterssonti 
FF. Not attacking amygdalin and salicin 
—Propionibacterium Jensenii 
EE. Not attacking mannitol, attacking sorbitol 
—Propionibacterium Thénit 
AA. Not attacking sucrose and maltose 
B. Attacking lactose, nitrates not reduced 
—Propionibacterium Shermanii 
BB. Not attacking lactose, nitrates reduced 
—Propionibacterium Freudenreichii 


SUMMARY AND CONCLUSIONS 

Morphological and physiological (including serological) study 
of 30 strains of propionic-acid producing bacteria belonging to 
the genus Propionibacterium Orla-Jensen, 1909 leads to a clear- 
cut recognition of eleven species. The general agreement among 
morphological, physiological and serological classifications is 
unusual, in that recognition of a species by one method is 
clearly confirmed by the other methods. 

The propionic acid bacteria constitute a natural group which 
should be recognized as a genus, Propionibacterium Orla-Jensen 
1909. In the present state of knowledge it is doubtful whether a 
more natural genus is known. We may accept the production of 
substantial quantities of propionic acid in a true fermentation at 
mesophilic temperatures as characteristic of members of the genus. 

Serological differentiation led to three subgeneric groups. P. 
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zeae and P. rubrum showed relatively little relationship to any of 


the three subgroups. 


Eleven species have been clearly differentiated on the basis of 


physiological, serological and morphological behavior. 


A key has been presented based upon characters which should 


be of practical use in identifying species. 


It is of interest to note that P. arabinosum is catalase-negative. 
This behavior necessitates modification of the generic diagnosis 


to include the species. 
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In 1930, Brown and Skinner presented evidence that only a 
small percentage of the Bacillus coli in fresh human feces, which 
could be cultured in lactose broth, would produce gas in forty- 
eight hours in Eijkman medium. From their findings, Brown 
and Skinner concluded that the Eijkman test is of little value in 
estimating feeal pollution of water either quantitatively or quali- 
tatively on the basis of Bacillus coli. 

The Eijkman test has obvious advantages in water analysis if 
the basis for estimating fecal pollution is, as the writers and others 
are convinced, Bacillus coli. The term Bacillus coli is used in its 
restricted sense and refers to that bacterium which is indigenous 
to the intestinal tract of man and warm-blooded animals and 
which, in addition to conforming to the definition of the coli- 
aerogenes group as defined in the sixth edition of Standard 
Methods of Water Analysis of the American Public Health 
Association is capable of producing gas from glucose at 46°C. 
and is incapable of growing in standard citrate medium. Such 
a bacterium is believed invariably to produce indol so that this 
and possibly other biological characters may not need to be deter- 
mined in routine water work. 

Both Leiter (1930) and Perry (1930) have found all pure cul- 
tures of Bacillus coli to ferment glucose at 46°C. Leiter cites the 
results obtained by numerous German investigators who found 
the Eijkman test a dependable means of determining Bacillus coli 
in water. Leiter’s own work corroborated the favorable results of 
others. 

In so far as the experience of one of the writers (Perry, 1930) 
using pure cultures of Bacillus coli from fresh human feces and from 
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water had supported Leiter’s work and in so far as Leiter had 
found almost as many Bacillus coli in actual water samples by 
the Eijkman as by the Standard Methods procedure, considerable 
doubt naturally existed as to the validity of the conclusion of 
Brown and Skinner which in essence discredited the fundamental 
observation of Eijkman that all strains of Bacillus coli will pro- 
duce gas at 46°C. Our experience with the Eijkman method had 
led to the impression that the fundamental observation of Eijk- 
man that Bacillus coli will grow in glucose broth at 46°C. was 
sound but that possibly the failure of Brown and Skinner, Hehe- 
werth (1912), Barth (1930), and others always to secure growth 
and gas in Eijkman medium at 46°C. was due to faults in tempera- 
ture, in composition of medium or to other factors which were not 
obvious. A duplication of the work of Brown and Skinner was, 
therefore, first attempted using the original medium proposed by 
Eijkman. 

These results are recorded in table 2. (Twenty-three specimens 
of fresh human feces were used. In ten instances, the number of 
Bacillus coli obtained by both methods was the same although the 
probable numbers could not be accurately estimated as all tubes 
in the highest dilution (10-*) in both media were positive. In 
nine instances, more Bacillus coli were obtained by the Standard 
Methods procedure while in four instances more Bacillus coli 
were obtained by the Eijkman method. The ratio of the number 
of Bacillus coli obtained by the Standard Methods procedure to 
the number obtained by the Eijkman method was estimated 
approximately as 0.74 while the approximate average number of 
Bacillus coli per gram of feces as estimated from samples giving 
approximately reliable figures for the Standard Methods was 87 
million as compared with 64 million obtained by the Eijkman 
method. 

While these data confirmed to some extent the findings of 
Brown and Skinner that more Bacillus coli could be recovered 
from fresh human feces by Standard Methods than by the Eijk- 
man method, the quantitative difference was far less. An 
interesting observation was also made of the results obtained in 
feces specimen number 21. A new batch of medium had to be 
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used for planting the 10-? and 10-8 dilutions. No gas was pro- 
duced in the 10~° dilution with the first batch of Eijkman medium 
while gas and good growth of Bacillus coli was obtained in all 
six of the tubes in dilutions ten and one hundred times greater. 


TABLE 2 


Relative number of Bacillus coli found per gram of fresh human feces by standard 
lactose broth and by Eijkman medium (original) 


} i 
| MILLIONS OF BACILLUS COLI PER GRAM OF FECES RATIO OF BACILLUS COLI 





SAMPLE EILJKMAN TEST/LACTOSE 
| Standard lactose broth | Eijkman test BROTH 
1 2.5 2.0 0.8 
2 140+ 140+ 1.0 
3 0.3+ | 0.3 1.0+ 
4 25.0 110.0 4.4 
5 11.5 0.3 0.25 
6 | 110.0 0.3— 0.027— 
7 | 110.0 140+ 1.244 
8 9.5 25.0 2.5 
9 140+ | 140+ 1.0 
10 140+ 140+ 1.0 
11 140+ 9.5 0.68— 
12 140+ 9.5 0.68— 
13 140+ 140+ 1.0 
14 25.0 25.0 1.0 
15 140+ 140+ 1.0 
16 0.3 0.3- 1.0- 
17 15.0 15.0 1.0 
18 140+ 9.5 0.68— 
19 140+ 4.5 0.32-— 
20 9.5 0.3- 0.3— 
21 140+ 140+ 1.0 
22 140+ 140+ 1.0 
23 140+ 140+ 1.0 
Average 86.9 64.0 0.74 


Note: Three tubes of each dilution 10~*, 10-7, and 10~* used. 


Also, every tube in the remaining three samples confirmed for 
Bacillus coli to the highest dilution. These results, together 
with the general observation that Bacillus coli could seldom be 
isolated from positive Eijkman tubes after twenty-four hours of 
incubation at 46°C., raised the question whether the medium 
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proposed by Eijkman created an optimum environment for the 
growth and viability of Bacillus coli. 


MODIFICATION OF THE EISKMAN MEDIUM 

The experience of nearly everyone (Leiter, 1929, Perry, 1929, 
Brown and Skinner, 1930, Taylor and Goyle, 1931, and Wagner, 
1931) had indicated that some modification of the medium used 
for the Eijkman test would be desirable. Modifications have 
been proposed by Van Haytena (1930) and by de Graaf (1928). 
These modifications were based in the first instance on the amount 
of peptone and the addition of phosphate and in the second 
instance on the kind of peptone used. 

We have modified Eijkman’s original formula by the addition of 
a buffer (K,HPO,) and by reduction of the amount of glucose. 
The obvious purpose was to prevent the production of acid in a 
concentration that would inhibit the growth of Bacillus coli and 
the production of gas from glucose or the actual killing of Bacillus 
coli itself. After trials with various percentages of glucose and 
phosphate, concentrations of 0.5 and 0.3 per cent of glucose were 
used in two media otherwise the same. The medium containing 
0.3 per cent of glucose was found more satisfactory. It contained 
the following ingredients in final concentration. 


Peptone (Difco) 15 grams 
Glucose 3 grams 
K:HPQ,. . .. : 4 grams 
NaCl. 5 grams 
eee ‘ - . 1,000 ce. 


With a concentration of 0.3 per cent of glucose, every strain of 
Bacillus coli produced gas promptly after twenty-four hours at 
46°C. Every culture was viable at forty-eight hours and ninety- 
six hours or longer. 

By reducing the glucose content and by the addition of phos- 
phate, the final acidity was changed from pH 4.5 in Eijkman’s 
original medium to pH 5.6. In the medium containing only 0.3 
per cent of glucose, heavy growth was always obtained after 
ninety-six and one hundred eighteen hours. Growth on Eosin 
Methylene Blue plates was seldom obtained from the medium 
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TABLE 3 


Reaction of pure fecal cultures of Bacillus coli, Bacillus aerogenes, Bacillus cloacae, 
and atypical colon in original Eijkman medium and in modified 


Eijkman medium 






















































































ORIGINAL EIZKMAN | MODIFIED EIJKMAN MEDIUM 
| a 0.5 per cent glucose | 0 3 per cent dem 
CULTURE va ewe eee , — a =" = 
| oom | 48 hours _—= | 48 hours ss | 96 to 118 hours 
| Gas | EMB |EMB| pH | Gas | EMB |EMB| pH | Gas /EMB| Gas |EMB| pH 
Bacillus coli 
oa i | +] +] —-] 45) 4+) +] -[ 46] +] 4+] + 14+] 56 
i 20%| 25% 
~ /0 " 
el +) —-|-|48/4+)] —- | -) 46] +/+] + 14+] 56 
wate | 30%| 35%| + 
| 
oos.a (1 | +| +] -|45/ 4+] +] -]46] + 14 +| 5.6 
a 40%| 45% + 
. fl }+]4+]/—-[45)4]4]/-]46)] +] 4 +156 
209-A 4, 0; 30%| + 
oo.p ll | t+] +} —-]45/ 4+] +] -[ 46] + 14+] +] 4+] 56 
a oe | 25% 30%| + 
o11-B !! +| +4 —{45) +] +)/-|46) +/+] +/+] 56 
— = \9 | oy or + 
\< | 40 40 
mea ft |+| + —|45/+]/+|/-|46) +/+] +/+] 56 
re | : 4 10% 10%| + 
Bacillus aerogenes 
op-pil|+|+{-—|45) 4] + [+ [46] + +] + | 5.6 
east * an. } | | 10% 20%| + 
i ' 
| | te 
| | 
oo3-pli |+| +{[-]45/ +} +] -[46} +/+] 4+] [56 
veiied 2 ie | | 10%| | 20%) + 
. fll +] + }—-jas}+| 4/446] +/+] + 5.6 
204-AA 2 10% 20% + 
215-B 0 0 
219-C 0 0 
229-B — | | 0 0 
































1 = first examination; 2 = 


second examination. 














MODIFIED EIJKMAN MEDIUM 425 


TABLE 3—Concluded 


MODIFIED EIJEMAN MEDIUM 
ORIGINAL EIJEMAN 


MEDIUM 


0.5 per cent glucose 0.3 per cent glucose 
CULTURE aah 
18 to 24 18 to 24 18 to 24 , 
hours 48 hours hours 48 hours hours 46 to 115 hours 
Gas | EMB EMB| pH | Gas| EMB EMB) pH Gas EMB Gas EMB) pH 
Bacillus cloacae 
221-C —|—-|}—|45 0 0 
224-C - - — | 4.5 0 0 
228-C }—}| — | — | 4.5 0 0 
235-C | — —|-| 1 3 
Atypical strains colon bacillus 
208-A | 0 0 + 
208-B | 0 0 
208-C 0 0 
213-B 0 5 | 
220-B 30 30 } 


224-A 5 5 | 4 
containing 0.5 per cent of glucose after forty-eight hours of 
incubation at 46°C. Growth was never obtained after forty- 
eight hours of incubation at 46°C. from the original Kijkman broth 
tubes (see table 3). Inability to cultivate Bacillus coli from 
Eijkman tubes after twenty-four hours of incubation at 46°C. 
in the original formula is an obvious disadvantage. By reducing 
the amount of glucose to 0.3 per cent and by the addition of a 
buffer, Bacillus coli and related types were always viable after 
ninety-six and one hundred eighteen hours and longer at 46°C. 
incubation. 


COMPARATIVE VALUE OF MODIFIED EIJKMAN TEST AND STANDARD 
LACTOSE BROTH IN CULTURING BACILLUS COLI FROM FRESH 
HUMAN FECES 


After modifying the original Eijkman medium, the modified 
medium was tested on isolated strains of Bacillus coli, Bacillus 
aerogenes, Bacillus cloacae, and atypical colon types from fresh 
human feces. The reactions indicated that characteristic strains 
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of Bacillus coli produced gas in all instances in the modified 
EKijkman medium after twenty-four hours incubation at 46°C. 
Only three of six strains of Bacillus aerogenes produced any gas in 
forty-eight hours. One of four strains of Bacillus cloacae pro- 
duced a small amount of gas in forty-eight hours. 

Specimens of fresh human feces were prepared in serial dilutions 
and triplicate tubes of standard lactose broth and of modified 
Kijkman broth were inoculated with 10-> gram of feces, and 




















TABLE 4 
Probable number of bacillus coli found in fresh human feces with modified Eijkman 
medium and with standard lactose broth 
‘ ? PROBABLE NUMBER OF PROBABLE NUMBER OF 
BACILLUS COLI, MILLIONS PER it | BACILLUS COLI, MILLIONS PER 
| GRAM OF FECES | | GRAM OF FECES 
SPECIMEN —— ~—EEEP ene SPECIMEN ———— _ - 
| Modified | Standard Modified Sts ands ard 
Fijkman lactose broth || | Eijkman | lactose broth 
__ medium | medium 
l 25.0 25.0 } 14 | 250 | 250 
2 1.5 2.5 i 15 2.5 | 2.5 
3 4.5 0.5 16 25.0 | 2.5 
4* 0.5+ 1.0+ \ 17 5 2.5 
5° 10+ | 10+ || 18 25 | 25 
6* 10+ | O5+ || 19 1,400+4 | 1,400+ 
7 0.5+ 1.0+ | 20 1,400+ /|1,400+ 
8* 0.5+ 05+ || 21 15 | 9.5 
il 1 
9* 1.0+ 1.0+ ! 22 | 1 0 | 9.5 
10* 0.5+ 1.0+ || 23 5 | 15.0 
11* 1.0+ 1.0+ || 24 2: 6 0 | 2.5 
12 250 250 || 
13t J 250 | 6 | Average... 199.2+ | 141. 1+ 


| 


* One tube for eac ‘h dilution used. 
t Two tubes for each dilution used. 


likewise with 10-*, 10-7, 10-8, and 10~-° gram of feces. In some 
instances, only one tube of each medium was prepared for 
each dilution. In other instances, two tubes were used. The 
probable numbers can be more accurately estimated the larger 
the number of tubes used. One and two tubes for each dilution 
were made in error. The number of tubes used for each dilution 
of feces is indicated in table 4. 
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The value of the modified Eijkman test seems apparent. The 
average number of Bacillus coli found per gram of feces was 141 
millions by the Standard lactose broth method and 199 by the 
modified Eijkman broth method. These tests were carried out in 
a Castle incubator and the temperature fluctuation was approxi- 
mately a half degree above or below 46°C. 

In six instances, a greater number of Bacillus coli were found 
by the Standard lactose broth method than by the Eijkman 
method while in seven instances the number was greater by the 
Eijkman method than by Standard lactose broth. In eleven 
instances, no difference in numbers was evident. This evidence 
seems to indicate quite clearly that if the constitution of the 
Eijkman medium is satisfactory and if the incubation tempera- 
ture is properly controlled, the fundamental observation of Eijk- 
man that Bacillus coli from warm blooded animals (man) will 
invariably grow and produce gas from glucose at 46°C., is true. 
More than 1 per cent of phosphate has been found to interfere 
with gas production. A medium containing one per cent of 
phosphate and 0.4 and 0.5 per cent of glucose gave more gas in 
some instances and less in other instances than the one used in 
the work described. Further improvement may result from more 
extended investigation of a medium giving optimum results. 


SUMMARY AND CONCLUSIONS 


The formula recommended by Eijkman for preparing a glu- 
cose broth medium for use at 46°C. incubation in isolating Bacillus 
coli from water has not been found entirely satisfactory. This 
medium has a final concentration of approximately 1.4 per cent 
of glucose. Fermentation results in the production of demonstra- 
ble gas by many strains of Bacillus coli. The high acidity 
produced together with the relatively high temperature of 
incubation generally results in the death of the culture within 
twenty-four hours. 

A modification of the medium has been made by decreasing the 
amount of glucose and by adding phosphate as a buffer. The 
final acidity has been changed from a pH of approximately 4.5 
in the original medium to about 5.6 in the modified medium. 








428 C. A. PERRY AND A. A. HAJNA 


As a result, Bacillus coli could be cultured in every instance after 
ninety-six hours and longer of incubation. 

Using this modified medium, more Bacillus coli were recovered 
from fresh specimens of human feces than by using Standard 
lactose broth medium. 

Contrary to the experience of Brown and Skinner, our experi- 
ence supports the observation of Eijkman that the ability to 
ferment glucose at 46°C. is a fundamental character of Bacillus 
coli. Serial dilutions of feces, such as those used by Brown and 
Skinner, were repeated for this work. In this way, cultures were 
made from tubes inoculated with very few Bacillus coli and not 
with relatively large numbers of young vigorous organisms such 
as would probably occur if transfers were made from agar slant 
cultures. 

It is hoped that these observations may encourage others to a 
larger use of the Eijkman test in water analysis. The Eijkman 
test furnishes a most valuable approach to the use of Bacillus coli 
(so-called fecal type) in water analysis. Providing the use of the 
EKijkman test can be substantiated as a satisfactory practical 
method, it will be of the utmost value in reéstablishing Bacillus 
coli as the sole basis for estimating probable fecal pollution in 
water. 

Bacillus coli, we construe to refer only to those members of the 
coli-aerogenes group characteristic of feces from warm blooded 
animals which invariably ferment glucose at 46°C. in a suitable 
medium and are unable to utilize citrate carbon. 
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Frederic Poole Gorham, one of the founders of the Society of 
American Bacteriologists, and a former secretary, vice-president 
and president, died at his summer home in Glocester, Rhode Is- 
land, on June fourth of this year. To those who knew him well 
his death seems like the passing, not of a man, but of an institu- 
tion. As a biologist, bacteriologist, teacher, citizen and friend 
few men have exerted greater influence so unostentatiously, not 
only in his chosen field of scientific endeavor but also upon the 
civil and social fabric of the community in which he lived. 

Immediately upon graduation from Brown University in 1893, 
he was appointed instructor in biology at that institution. The 
discovery of diphtheria antitoxin in the previous year gave a 
tremendous impetus to bacteriology, a science at that time still 
in its infancy. Gorham was quick to appreciate the future im- 
portance of this branch of biology to medicine and general sani- 
tary science. He became one of the pioneer bacteriologists of 
America and under his able guidance Brown University was one 
of the earliest institutions to offer instruction in this new field. 
His thirty-five years of service in the laboratory of the Providence 
Health Department and his forty years as a teacher, together 
with his numerous other activities in the many scientific societies 
to which he belonged, have left an impression which time cannot 
efface. As a member of the Laboratory Section of the American 
Public Health Association and as its former chairman he was 
instrumental in developing Standard Methods for Water Analysis 
and for the Examination of Shellfish and took a prominent part 
in the numerous revisions of these procedures. Gorham was 
recognized both by the members of the faculty and by his students 
as a great teacher, a man who stood out preéminently among the 


1 President, Society of American Bacteriologists, 1911. 
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colleagues of his generation. During his forty years in this insti- 
tution he gave formal instruction to more students than any 
other professor at Brown. As a lecturer he had a way of present- 
ing his subject, no matter how abstruse, in a simple, clear, interest- 
ing and forceful manner. On several occasions the senior class 
voted him its most popular teacher. It was among his graduate 
students, however, that his ability as an administrator, organizer 
and teacher developed to its full. Here he was not hampered by 
formal pedagogy. He had the ability of developing the latent 
talents of his pupils without their knowledge. His method was 
simple, direct and effectual. His keen intellect, depth of knowl- 
edge and excellent judgment enabled him to give proper guidance 
without hampering the student’s own intellectual development. 
He was known throughout the country for his ability to develop 
students who could stand upon their own feet. It is said that 
“the number of post graduates achieving the doctorate under his 
direction is probably unmatched at Brown.” 

Few university teachers have taken a larger interest and a 
greater part in the life of the community and the state. Besides 
being bacteriologist for the City of Providence, for many years 
he was in charge of milk inspection and mosquito eradication. As 
biologist and bacteriologist to the State Commissioners of Shell 
Fisheries he was in a large measure responsible for the saving of 
the oyster industry in Narragansett Bay. As secretary of the 
Board of Trustees of the Rhode Island State Sanatorium from 1908 
to his death he was instrumental in developing that institution 
to its present place of importance in the public health program 
of the state. He was president of the Rhode Island Tubercu- 
losis League and at one time a member of the Providence Park 
Commission. He was one of the few laymen to have been elected 
an honorary member both of the Rhode Island Medical Society 
and of the Providence Medical Society. 

If to have attempted and to have successfully achieved many 
things are criteria by which one’s success in life is measured, then 
to the “Prof,” as his students affectionately called him, was 
granted a full measure of success. Endowed with those sterling 
qualities of keen intelligence, genial personality, remarkable ver- 
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satility and adaptability, capacity for indefatigable industry, and 
a youthful, buoyant enthusiasm which was contagious, Frederic 
Poole Gorham has contributed a proud heritage not only to 
Brown University and to his chosen field of bacteriology but to his 
students, his friends, his city and his state. 


LESTER A. RowND. 
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INTRODUCTION 


During the course of studies on the bacteria responsible for 
changes brought about in an experimental trickling filter receiving 
a creamery waste, a number of microérganisms were encountered 
which were distinctive in that they digested the agar medium 
upon which they were grown. A study of these cultures was 
undertaken in the hope that it might throw some light upon their 
réle in the purification process, as well as upon their ability to 
digest agar. 


HISTORICAL 


Agar has long been known by the peoples of the East as a food 
product. It was first mentioned in the bacteriological literature 
by Robert Koch (1882), and its introduction into bacteriological 
technique was no doubt due to the suggestions of Frau Hesse 
(Medical Research Council, 1930), the wife of one of Koch’s early 
co-workers. It was introduced to overcome the difficulty en- 
countered with gelatin due to its liquefaction at relatively low 
temperatures. 

For many years it was thought that bacteria could not utilize 
this complex carbohydrate, but in 1902 Gran isolated an or- 
ganism from sea water which liquefied seaweed agar and to which 
he gave the name Bacillus gelaticus. 


1 A thesis submitted to the Graduate Faculty of Iowa State College in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 

*Now with Bureau of Chemistry and Soils, United States Department of 
Agriculture, Washington, D. C. 
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Lundestad in 1928 reported two varieties of this organism both 
of which were isolated from sea water. He also reported six 
species of the genus Flavobacterium, and one species of the genus 
Bacterium which had the power to dissolve seaweed agar and to 
liquefy fish-agar slants. 

In 1905 Panek isolated from fermenting red beets a facultative 
anaerobe which liquefied agar. 

Beijerinck in 1911 described Microspira tyrosinatica. Brief 
mention was made of the fact that the organism was ‘similar 
to the gelose vibrio in that it secreted the enzyme gelase which 
changes agar to sugar.” 

Biernacki in 1911 reported an organism isolated from grapes, 
which liquefied the agar slants upon which it was cultured. 

Gray and Chalmers in 1924 reported the isolation of a motile 
curved rod which liquefied the agar medium upon which it was 
grown, and which grew well on (NH,).SO, agar. 

Van der Lek in 1929 reported that in the stock collection at 
Delft there had been for some time a culture which seemed to be 
the same as the organism described by Gray and Chalmers, 
though his seemed more vigorous in its action. 

Aoi in 1924 reported his organism Vibrio andoi, which was 
isolated from manure and which liquefied ammonium sulphate 
agar slants. 

Angst in 1929 reported 13 species of bacteria which disinte- 
grated agar and which were placed in a new genus, Agarbacterium. 
The description of these species does not seem to warrant the 
creation of a new genus, since most of them could easily be placed 
in existing genera. 


EXPERIMENTAL 


The characteristics of the above mentioned bacteria were 
carefully compared with those of three newly isolated organisms, 
and since there were distinct differences, it was concluded that 
these organisms were new species. 


Source and isolation of organisms 


The organisms here described were isolated from an experi- 
mental trickling filter receiving creamery wastes. The filter was 
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constructed in six layers. Each layer was one foot in depth and 
made in the form of a box two feet square, fitted with a bottom 
consisting of 2- by 2-inch wooden strips, placed one inch apart. 
The boxes were filled with screened cinders and placed one above 
the other, leaving a 4-inch space between the layers. The cream- 
ery waste was distributed over the surface of the first layer by 
means of a tipping pan, and the material dripped from layer to 
layer in passing through the filter. The medium used in the 
isolation had the following composition. 
(NH,).SO, 1 gram 
K,HPO, 1 gram 
NaCl 2 grams 
MgSO, 0.5 gram 
FeSO, trace 
MnSO, trace 
H;0..... 1000 ce. 


15 grams of agar 

pH 7.2 

Agar plates were poured, using as inoculum 1-ce. portions of a 
suspension of material washed from the cinders of the filter. 
The plates were incubated at 25°C. for five days. It was found 
upon examination under the low power of the microscope that 
nematodes were growing in the agar. They were congregated in 
groups in certain darkened and sunken areas. 

The material in these sunken areas seemed to be liquid, as 
could be seen by the disturbance caused by the nematodes. 
Material from these areas was plated, using the above-described 
agar medium. After three days incubation small pits in the 
agar surface could be seen. At the end of five days some of the 
colonies had liquefied the agar medium down to the glass of the 
petri dish. This process of replating was repeated until pure 
cultures were obtained. In a similar manner two other or- 
ganisms were isolated from the slime of the filter. In all 11 
cultures were obtained, which fell into three definite groups. 
Table 1 indicates the differential characteristics of the three 
types, recognized as new species, to which the following names 
were given (Goresline, 1932): Achromobacter pastinator, Pseudo- 
monas lacunogenes, and Pseudomonas segne. 
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The following characteristics were common to the three 
organisms. 


Indol: Indol was not produced in trytophane broth. 

Hydrogen sulphide: Not produced in lead acetate agar. 

Oxygen requirement: Facultative; growth was much better aero- 
bieally. 

Temperature: No growth at 42°C., moderate growth at 37°C., good 
growth at 25°C., moderate growth at 20°C., no growth at 10°C. Opti- 
mum about 28°C. 


Gelatin stab: No growth. 
TABLE 1 
Showing differential characteristics of agar-digesting bacteria 


| | 
| GROUP I, ACHROMO- | GROUP II, PBEUDO- GROUP III, PBEUDO 
CHARACTERISTICS | BACTER PASTINATOR | MONAS LACUNOGENES MONAS SEGNE 





| Colorless to | Light orange yel-| Orange yellow 
| whitish low 

Only a slight | Pellicle, clouding! Uniform clouding, 
| clouding | sediment, vis- no surface 
| | cous growth 
| 
| 


Chromogenesis on 
nutrient agar 
Broth 


Litmus milk Slightly acid Litmus reduced, | Litmus not re- 
| alkaline duced, becoming 

alkaline slowly 
NO; from NO; 


Starch hydrolized 


| a —_ 

al = 

Fehling’s solution | = -- 
reduced* 

Nutrient agar Rapid liquefac- 

tion 


Slow liquefaction | Slow liquefaction 


| 
Utilization of (NH,):- + 
SO, as nitrogen | 
source 
Growth on peptone | | 
water 


* By liquefied eger. 
Methods 
Flagella. Flagella stains were made by Muir’s modified Pit- 


field method as described by Stitt (1914). 
Media. ‘The media used in ascertaining the general character- 
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istics of these organisms were prepared according to the methods 
found in the Manual of Methods of the Society of American 
Bacteriologists (1930). 

Utilization of carbohydrates. In order to study the carbohy- 
drate requirements of these organisms the following medium was 
used: 

Bacto peptone 10 grams 
K,HPO,... 5 grams 

HO. 1000 ce. 
Carbohydrates 0.2-0.6 per cent 
pH 7.2 

Inoculations from water suspensions of growths from plain 
agar slants were made in triplicate, one tube containing Andrade’s 
indicator and two tubes without an indicator. The tube contain- 
ing indicator was used to record acid production by the organ- 
isms on the various carbohydrates. 

One of the tubes not containing an indicator was used for 
periodic pH determinations, using a quinhydrone electrode of 
special design (Goresline, 1933), while the other was analyzed 
at the end of the experiment to determine the extent of carbo- 
hydrate utilization according to the procedure suggested by 
Stiles, Peterson, and Fred (1926). The non-reducing sugars were 
first hydrolyzed by the methods suggested by Browne (1912) and 
by the Official and Tentative Methods of Analysis of the Asso- 
ciation of Official Agricultural Chemists (1925) and then analyzed 
for reducing sugars by the above method. 

Since Pseudomonas lacunogenes grew in the basal medium and 
produced an alkaline reaction, which masked any slight acidity 
which might have been produced from the carbohydrates, 
(NH,).SO, was substituted for the peptone as a nitrogen source 
in order to study the acid production and the utilization of carbo- 
hydrates by this organism. 

Change in viscosity. Agar solutions were inoculated with the 
test organisms, and after the period of incubation was over, the 
loss of weight due to evaporation was made up with distilled 
water. Since at room temperatures the control material was a 
solid jell, and therefore had a high viscosity, while the digested 
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material at the same temperature was a liquid of practically the 
same viscosity as water, readings had to be taken at tempera- 
tures at which both samples were liquids. Fifty degrees 
Centigrade was chosen as the starting point and the solutions 
were allowed to cool spontaneously, which resulted in an almost 
uniform rate of cooling for both solutions. The control sample 
was heated in an Arnold steamer just long enough to melt the 
agar, and after cooling to about 50°C., viscosity readings were 
made. The liquefied samples were given the same treatment, 
except that the material was strained through cheesecloth and 
then centrifuged just long enough to remove the bulk of the 
bacterial growth. The instrument used in these determinations 
was a Stormer Viscosimeter (Thomas, 1927). In recording 
results, relative viscosity was plotted against temperature. 
Relative viscosity was found by dividing the time in tenth- 
seconds taken by the revolving cylinder to perform 100 revolu- 
tions in the test solution, by the time taken for the same number 
of revolutions in distilled water at the same temperature. 

Products of decomposition of agar. Fairbrother and Mastin 
(1923) said of agar, “It is a hemicellulose which upon hydrolysis 
with dilute acids, gives chiefly d-galactose; other hexoses and 
smaller amounts of pentoses are formed at the same time.” 
Samee and Isajevie (1922) gave the formula for the free agar 
acid as (CsHwO;);;80,H and showed that SO, was dializable 
only after the agar had been heated until it lost its power to jell. 
The molecular weight of agar was assumed to be about 9000. 
Hoffman and Gortner (1925) prepared the free agar acid by 
dialysis and found that as such it could not jell but had to be in 
the form of a calcium or other heavy metal salt. Konig and 
Gettels (1905) reported that upon acid hydrolysis agar gave 
galactose, glucose, levulose, pentoses, and methylpentoses. 

It will be seen from the above that a number of compounds 
result from the chemical decomposition of agar. Without 
doubt the decomposition of agar by bacterial means follows 
somewhat the same path. The tests used for the detection of the 
various organic compounds in this study were those outlined by 
Hawk and Bergeim (1927), Browne (1912), and Mulliken (1905). 
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Tests were employed to detect the production of aldehydes, al- 
cohols, and simpler carbohydrates from the agar. Among those 
employed for the latter determinations were Benedict’s test for 
monosaccharides, the resorcinol reaction for keto sugars, and 
the mucic acid test for galactose and lactose. The phloroglucine 
reaction was employed to detect such compounds as arabinose, 
xylose, rhamnose, levulose, and sorbinose; as was, also, the ani- 
line acetate test for the production of furfural from these com- 
pounds. The phenyl hydrazine reaction and the B naphthol 
hydrazone tests (Hilgen and Rothenfussen, 1902) were both 
used. 

Utilization of organic acids. The same basal medium em- 
ployed for the utilization of carbohydrates was used in this 
study. The various organic acids in 0.2 per cent concentration 
were substituted for the carbohydrates, and the reaction of the 
medium adjusted to pH 6.6. Growth and change in acidity were 
used to detect the utilization of the organic acid. 

Since Pseudomonas lacunogenes grew in the basal medium and 
produced an alkaline reaction, (NH,).SO, was substituted for the 


peptone as a source of nitrogen in the study of this organism. 
The following organic acids were used: 


Acetic Lactic Palmetic 
Aconitic Lauric n-propionic 
n-butyric Malonic Succinic 
Caproic d- and |-malic Tartaric 
Citric Oleic Valeric 
Formic Oxalic 


Utilization of nitrogen compounds: The following basal solution 
was prepared to study the utilization of compounds as a nitrogen 
source. 

K,HPOQ,...... 5 grams 

NaCl.. = 2 grams 

H,0. 1000 ce. 


Nitrogen compounds 0.2 per cent 
eases : , , 7.2 


To one-half of this solution was added 0.2 per cent glucose, to 
act as the carbon source, while nothing was added to the other 
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half. This arrangement tested the ability of the organism to 
utilize the various compounds as both nitrogen and carbon 
sources, or as sources of nitrogen alone, when augmented by 
some fermentable carbohydrate as the carbon source. Utiliza- 
tion of the compounds was determined by growth. 

The following compounds were employed: Ammonium sul- 
phate, sodium nitrite, sodium nitrate, ammonium chloride, 
ammonium phosphate, urea, cystein, asparagin, aspartic acid, 
lactamide, leucine, uric acid, tyrosine, alanine, glutaminic acid, 
ammonium succinate, and peptone. 


RESULTS 
Group I. Achromobacter pastinator nov. sp. 


This microérganism was a non-spore-forming, Gram-negative, 
short rod, occurring singly or in pairs, and very constant in size, 
about 0.44 by 1.54. Motility was by means of peritrichous 
flagella, two to five in number. 

Cultural characters. All materials were incubated at 28°C. 

Nutrient agar colonies: After incubation for forty-eight hours 
small dents appeared in the agar surface, and the colonies were 
located with the eye with difficulty. After three days the colonies 
were about the size of a pinhead, almost colorless, and situated 
in the bottom of a funnel-shaped depression. The colonies sank 
rapidly through the agar, and generally at the end of five days 
had reached the glass of the petri dish. At this stage the growth 
formed in a ring and widened the bottom of the crater, leaving 
the glass bare. The outside of the crater was often more than 
an inch in diameter. When the colonies were close together, 
the liquefaction was much reduced. 

Agar slant: On nutrient agar slants there was good growth, the 
agar being liquefied along the streak often to the depth of one 
fourth of an inch. The growth was flat and did not seem to be 
very thick. The medium was not darkened nor changed except 
for the liquefaction, and a pocket was formed at the bottom of the 
slant which was filled with a rather viscous liquid, yellowish in 
color. 
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Potato: No growth on potato: probably no suitable nitrogen 
available. 

Nutrient broth: The medium showed slight clouding after 
five days. There was no growth on the surface and no sediment 
at the bottom. The best growth seemed to be well toward the 
surface. 

Nutrient gelatin stab: Very scanty growth on the surface, 
no liquefaction. 

Physiological characters: 

General characteristics: 

Litmus milk: After twenty days the milk was slightly acid. 
No curd was formed and only a trace of reduction took place at 
the bottom of the tube. 

pH limits of growth: The upper limit of growth was between 
pH 8.8 and 9.0, while the lower limit was between pH 5.9 and 6.1. 

Utilization and decomposition of organic carbon compounds: 

Utilization of carbohydrates: Acid production was never 
evidenced by a deep red color, but a pink color was obtained with 
Andrade’s indicator, indicating only a moderate production of 
acid. 

No growth took place in the plain peptone-phosphate broth. 
This indicated that the organism could not utilize the peptone 
as a source of both nitrogen and carbon, but when certain carbo- 
hydrates were added good growth occurred, showing that when a 
suitable carbon source was supplied, the peptone could be utilized 
as a nitrogen source. Growth was obtained on arabinose, 
glucose, galactose, lactose, levulose, maltose, mannose, melezi- 
tose, pectin, raffinose, rhamnose, salicin, sucrose, starch, and 
dextrin, while no growth was obtained in dulcitol, erythritol, 
mannitol, sorbitol, glycerol, xylose, and inulin. It is interesting 
to note that none of the five higher alcohols used supplied an 
available carbon source. 

Acid production on the various carbohydrates was determined 
electrometrically at intervals during the period of incubation in 
order to see if any fluctuations in the pH would take place, indi- 
cating a possibility of the utilization of any acid by-products by 
this organism. In carbohydrates in which growth occurred, a 
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small amount of acid was formed. In general the pH change was 
more than 0.4 pH but never more than 0.7 pH. Arabinose, 
rhamnose, and melezitose supported good growth, but very little 
acid was formed as shown by pH readings. Since the weak acid 
production gave no indication to what extent the carbohydrates 
were utilized, a series of tubes was inoculated, and after twenty 
days incubation, an analysis was made for reducing sugar. The 
results of these determinations are shown in table 2, which indi- 
cates that there was a marked reduction in the sugar content of a 
solution when fermented by this organism. 


TABLE 2 


Showing utilization of various carbohydrates 


PER CENT UTILIZATION BY 
INITIAL PER 
CARBOHYDRATE CENT OF CON- | ACHROMO- PSEUDOMONAS PSEUDOMONAS 
CENTRATION BACTER LACUNOGENES SEGNE 
AS GLUCOSE | PASTINATOR 


Arabinose 238 44.1 69.0 65.3 
Glucose 645 27.6 95.5 73 
Galactose 252 51.5 55.‘ 95 
Lactose 419 31.6 36 17 
Levulose 676 | 33.9 42.: 27 
Maltose 290 80.0 | 100 56.‘ 
Mannose 276 } 90.0 37 

X ylose 268 | No growth 94. 

Sucrose 677 15.8 58 .¢ 

Starch 158 38.7 77 .: 

Melezitose 0.111 20.7 27.§ 

Raffinose 0.184 49.4 83.4 


All tubes incubated for twenty days at 28°C. 


Decomposition of agar: 

Change in viscosity: An agar medium of the following compo- 
sition was used to study the changes in viscosity brought about by 
this organism: 


NaNO, site sae By Ae YN Pan Oe 5 grams 
K,HPO,; nee ; Pe kdened ca0ntibaeel 2 grams 
NaCl. : , (teil ds welbie 2 grams 
SING Acteivan stadia maaiies ee 0.5 gram 
Agar ‘ atk elpataaneykeuse a 
Rikon cht ec rusehawecteckakehecdsadhe saues cdeksnaedeed ee 

news snnkes ae ey Pee Tee ae er ne 7.2 
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This medium was sterilized and just before solidification inocu- 
lated with a culture of Ach. pastinator and weighed. By the end 
of the third day small colonies could be seen all through the agar, 
although the growth at the surface was heaviest. Nineteen 
days after inoculation all of the agar had become liquid, although 
the major portion had liquefied by the twelfth day. This solu- 
tion showed no tendency to solidify even when stored for twenty- 
four hours at 5°C. The results of the viscosity determinations 
are shown in figure 1. It is improbable that exact viscosity 
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values were obtained for the undigested agar at some of the 
temperatures close to the solidifying point, since each reading 
broke up the jell structure that had formed, thus preventing the 
material from taking a firm set, and because of this disturbing 
action the control agar solution remained liquid to a much lower 
temperature than its ordinary solidifying point. The difference 
in readings obtained between the digested and the undigested 
agar shows clearly the effect of this organism upon the jell 
structure of agar. 
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Products of agar decomposition: Ach. pastinator digested agar, 
and a reducing substance was found in the resulting liquid. It 
was found difficult to identify any one product formed by this 
decomposition, since each occurred in conjunction with other 
carbohydrates as well as in the presence of other complex organic 
compounds. Because the original concentration of the agar was 
only 1.5 per cent, the resulting products of decomposition were 
present in small amounts. The total amount of reducing com- 
pounds was only 0.24 per cent. 

The material used was obtained by digesting 1.5 per cent agar 
with Ach. pastinator. Various methods were employed in clari- 
fying the resulting solution, but filtration through a Berkefeld 
filter was found to be the most satisfactory. Repeated attempts 
to concentrate the material resulted in a dark brown liquid, which 
made the reading of delicate tests very difficult. Even slight 
heating, such as was necessary to distill in a vacuum, was suffi- 
cient to produce a dark liquid with a caramel odor. The reducing 
substance was not volatile. 

Aldehydes, acids, and alcohols were not found upon analysis of 
the liquefied agar. After employing the various carbohydrate 
tests discussed under methods, it was concluded that the lique- 
faction of agar by Ach. pastinator gave rise to a number of simpler 
carbohydrates. 

It was shown that members of the monosaccharide group were 
present. The pentoses were represented in this group, as were no 
doubt methylpentoses, although this was not proved conclusively. 
The hexoses were represented, since the test for ketose group was 
positive. The only two ketoses listed by Browne (1912) are 
levulose and sorbose, which are both hexoses. 

Members of the disaccharide group were present, since a 
positive test was obtained with Benedict’s reagent after testing 
with Barfoed’s reagent. 

Galactose could not be demonstrated by the mucic acid test, 
although there was a possibility that the concentration of the 
sugar was not high enough, since considerable is necessary to 
obtain a good test. Only an amorphous mass could be obtained 
with phenylhydrozine, and therefore no carbohydrates could be 
identified by their osazone crystals, 
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Utilization of organic acids: The various organic acids were 
used in 0.05 per cent concentration. Since this organism could 
not utilize the peptone as a source of carbon as well as nitrogen, 
this experiment was designed to test the ability of the organism 
to utilize the organic acid as its sole source of carbon. 

Repeated inoculations into the various media failed to induce 
growth. It was thought possible that 0.05 per cent concentra- 
tion of these acids was toxic to this organism. To test this 
possibility, a few drops of sterile glucose solution were introduced 
into each of the tubes and growth was obtained with this or- 
ganism, showing that toxicity was not the explanation, but 
rather that the acids were not available as carbon sources when 
peptone was supplied as the nitrogen source. 

Utilization of nitrogen compounds: 

Reduction of nitrates: Nitrates were reduced. 

Utilization of nitrogen sources: No growth was obtained with 
any of the nitrogen compounds alone, but when glucose was 
added to them growth was obtained with cystein, asparagin, 
aspartic acid, glutaminic acid, ammonium succinate, and pep- 
tone. This showed that these compounds were available as 
nitrogen sources when the carbon was supplied. It was peculiar 
that no growth could be obtained with (NH,).SO, or NaNO, 
when glucose was used as the carbon source, while good growth 
was obtained when agar was substituted for the glucose. No 
growth could be obtained on agar alone. 


Group II. Pseudomonas lacunogenes nov. sp. 


This microérganism was a non-spore-forming, Gram-negative, 
short rod with pointed ends, occurring singly or in pairs, and vary- 
ing in size from 0.2u to 0.34 in width, by 1 to 1.2y in length. 
It was motile by means of a single polar flagellum, ranging from 
2u to 15u in length. 

Cultural characters. All cultures were incubated at 28°C. 

Nutrient agar colonies: After forty-eight hours incubation 
small yellow colonies appeared. Each colony was surrounded 
by a circle that seemed to refract the light differently from the 
rest of the agar. The surface of the agar was pitted or dimpled. 
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After five days the surface colonies were about 5 to 7 mm. in 
diameter and surrounded by a depression, the outside diameter of 
which was about three times that of the colony. The colonies 
were orange yellow in color and slightly raised. They did not 
sink through the agar to the glass but settled into a shallow de- 
pression and seemed to remain stationary. There was no liquid 
in the depression, as it was evidently absorbed by the surrounding 
agar. 

Agar slant: The growth was heavy and of a light orange yellow 
color, the consistency about that of warm butter, and the edge 
was entire, slightly raised. A shallow depression, which ex- 
tended about 3 mm. on each side of the streak, was produced. 
No liquid was found in the depression, but the agar was softened 
beneath the growth. The medium was not darkened. 

Potato: Moderate growth on potato, orange yellow and smooth. 
Potato not darkened. 

Nutrient broth: The medium was clouded in 48 hours. A 
light orange yellow pellicle was formed and considerable viscous 
sediment was developed. 

Nutrient gelatin stab: The growth was brownish yellow and 
could be traced about half way down the stab, but was much 
heavier at the surface. No liquefaction was produced. 

Physiological characters: 

General characteristics: 

Litmus milk: After two days incubation the top one-third of 
the tube became faintly alkaline. Upon further incubation the 
alkaline reaction spread to the entire tube, and a butter-colored 
pellicle formed on the surface. After about ten days incubation 
the bottom third of the tube became reduced and fresh litmus 
recorded a marked alkaline reaction. No digestion was noticed 
and no curd was formed. 

pH limits of growth: The upper limit of growth was about 
pH 10.0, while the lower limit of growth was between pH 5.4 and 
5.8. 

Utilization and decomposition of organic carbon compounds: 

Utilization of carbohydrates: After two days incubation a 
slight pink tinge was noticed in glucose, maltose, levulose, and 
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sucrose, but this color was sustained only for a day or two and 
then disappeared entirely. It was found that this organism 
produced an alkaline reaction from the peptone, which masked 
any slight amount of acid which might have been formed from 
the carbohydrate. 

A series of pH determinations was undertaken to find if any 
variation could be detected in the rate of pH change in the various 
carbohydrates. The pH readings showed that an alkaline 
reaction was produced in all of the cultures. A reaction more 
alkaline than the control was produced in arabinose, galactose, 
glycerol, lactose, levulose, maltose, melezitose, raffinose, starch 
and xylose; while glucose, mannose, and sucrose remained about 
the same pH as the control. This was also true with dulcitol, 
erythritol, pectin, rhamnose, salicin, sorbitol, dextrin, and inulin. 
The pH change was insufficient to warrant any definite conclusion. 

Since neither Andrade’s indicator nor pH determinations had 
given any clue to the carbohydrates that had been utilized, re- 
ducing sugar determinations were made on inoculated and 
uninoculated materials after twenty days incubation. Table 2 
shows the extent of utilization of the various carbohydrates by 
the organism. 

In order to test the availability of the carbohydrates as a sole 
source of carbon, a medium was used in which (NH,).SO, was the 
sole source of nitrogen. ‘The carbohydrates were added to this 
solution and inoculated with Ps. lacunogenes. 

Good growth was obtained with the following carbohydrates: 
glucose, galactose, lactose, levulose, maltose, mannose, melezi- 
tose, raffinose, rhamnose, sucrose, agar, pectin, and _ salicin. 
This showed that this organism was capable of utilizing these 
carbohydrates as sources of carbon, with (NH,).SO, acting as th 
nitrogen source. Growth was obtained in arabinose and xylose 
only when a heavy inoculum was used, and then the growth was 
not luxuriant. No growth was obtained with the following 
carbohydrates: dulcitol, erythritol, glycerol, sorbitol, mannitol, 
and inulin. 

Decomposition of agar: 
Change in viscosity: A medium consisting of (NH,).SO,, 
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K,HPO,, NaCl, water, and agar was used. That a marked 
change might be recorded, a 0.5 per cent agar solution was 
employed. After twenty days incubation the agar material had 
become quite liquid, and viscosity measurements were made. 
Figure 2 shows the difference in viscosity between the uninocu- 
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lated control and the inoculated material. It will be noted that 
about 70 per cent change in the viscosity of the agar at 25°C. was 
effected by the action of Ps. lacunogenes. The solution never 
became watery, but the viscosity changed until the jell structure 
was lost. 

Products of decomposition of agar: Determinations were made 
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for aldehydes, alcohols, and reducing carbohydrates and all gave 
negative results. The agar solution used was 0.5 per cent and 
any by-products that might have been formed were probably in 
very small amounts. 

Utilization of organic acids: Since good growth took place in 
the peptone solution without any added organic acid, the appear- 
ance of growth in the tubes could not be taken as an index to the 
utilization of the organic acids. The change in pH was then 
determined, using brom-thymol blue as an indicator, to find if 
the acidity of the acids utilized changed faster than the pH of 
the control solutions. 

When a 0.2 per cent concentration of the organic acid was used, 
n-butyric, caproic, lauric, oleic, oxalic, palmetic, n-propionic, 
and valeric were toxic and no growth was obtained. When the 
concentration was dropped to 0.05 per cent, they were no longer 
toxic and growth was obtained. The following acids showed a 
pH change: acetic, n-butyric, formic, lactic, malonic, d- and |- 
malic, succinic, and tartaric. In order to prove conclusively that 
this pH change indicated utilization of the acid, a medium con- 
sisting of (NH,).SO,, K,HPO,, NaCl, and distilled water was pre- 
pared to test the ability of this organism to utilize the organic 
acids when an inorganic nitrogen source was supplied. To this 
medium were added the various organic acids. 

The observations on the peptone solution were borne out when 
(NH,).SO, solution was used as a nitrogen source. Those acids 
which had shown a marked pH change in the peptone medium, 
also showed growth in the ammonium sulphate medium. Aco- 
nitic, caproic, citric, lauric, oleic, oxalic, palmetic, n-propionic, 
and valeric acids were not available as carbon sources. 

Utilization of nitrogen compounds: 

Reduction of nitrates: Nitrates were not reduced. 

Utilization of nitrogen sources: It was found that certain of 
the test compounds were capable of furnishing both nitrogen and 
carbon to Ps. lacunogenes, while others served only in the capac- 
ity of a nitrogen source. Of the nitrogen compounds tried, 
cystein, asparagin, aspartic acid, tyrosine, alanine, glutaminic 
acid, ammonium succinate, and peptone were available as both 
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nitrogen and carbon sources, while a carbon source had to be 
supplied to make urea, lactamide, leucine, and uric acid available. 
Lactamide and uric acid supported only a moderate growth. 
Ammonium sulphate, ammonium chloride, and ammonium 
phosphate were available as a nitrogen source when glucose was 
supplied, while sodium nitrate and sodium nitrite failed to sup- 
port growth. 


Group III. Pseudomonas segne nov. sp. 
I Pp 


This microérganism was a non-spore-forming Gram-negative, 
short rod with pointed ends, occurring singly or in pairs, and 
varying between 0.2u to 0.34 in width by ly to 1.2, in length. 
It was motile by means of a single polar flagellum. 

Cultural characters. Nutrient agar colonies: After forty-eight 
hours incubation, very small light yellow colonies appeared. 
Around each colony was a small circle that seemed to refract 
the light differently from the rest of the agar. The surface of 
the agar was pitted. After five days the colonies on the surface 
were about 5 mm. in diameter, and the outside diameter of the 
depression in the agar about twice that of the diameter of the 
colony. The colony did not sink through the agar to the glass, 
and there was no liquid in the depression, probably due to the 
absorption by the drying agar. 

Agar slant: The growth was heavy on the nutrient agar slants, 
orange-yellow in color and having about the consistency of warm 
butter. The growth was only slightly raised and the edge was 
entire. A slight depression was made in the surface of the slant, 
extending about 5.5 mm. beyond the edge of the growth. No 
liquid was present, as it evidently was absorbed by the drying 
agar, but the agar was softened below the growth. The medium 
was not darkened. 

Potato: Scant orange-yellow growth on potato, and then only 
with large inoculum. No darkening of the potato. 

Nutrient broth: The medium was clouded in forty-eight 
hours. There was neither pellicle nor surface growth and only a 
moderate amount of sediment. Old cultures showed a yellow 
ring at the surface, and in some cases a loose membrane. 
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Nutrient gelatin stab: The yellow growth was best at the 
surface, but growth could be traced almost half way down the 
stab. No liquefaction took place. 

Physiological characteristics: 

General characteristics. 

Litmus milk: The milk was slightly alkaline at the end of ten 
days incubation, and there was no evidence of surface growth. 

pH limits of growth: The upper limit of growth was between 
pH 8.8 and 9.0, while the lower limit was between pH 5.8 and 
6.0. 

Utilization and decomposition of organic carbon compounds: 

Utilization of carbohydrates: This organism grew well in the 
control material consisting only of the peptone and phosphate, 
and produced a marked alkaline reaction, which tended to mask 
any slight acidity which might have been produced from the va- 
rious carbohydrates. After two days incubation a slight pink 
tinge was noted in glucose, levulose and sucrose, but this color 
remained for only a day or two and then disappeared entirely. 
A series of pH determinations was undertaken to find if any 
variations could be detected in the rate of pH change in the 
various carbohydrates. The pH changes did not give sufficient 
information to draw conclusions as to the utilization of the carbo- 
hydrates, and since Andrade’s indicator did not give an indica- 
tion of what carbohydrates were utilized by this organism, a 
series of chemical determinations was made on uninoculated 
material and upon inoculated material incubated for twenty 
days. Table 2 shows the extent of utilization of the various 
carbohydrates. 

Repeated attempts were made to find a medium in which this 
organism would grow only when given a carbon source, such as 
the carbohydrates, or one in which an alkaline reaction would 
not be produced, thus masking the acid produced from the 
carbohydrates. These experiments did not meet with success. 
Seventeen nitrogen sources were tried, but not one of them would 
serve as a nitrogen source for this organism. Glucose was added 
to each of the nitrogen compounds to serve as a carbon source, 
but no growth could be obtained. Because of this peculiarity, 
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the exact number of carbohydrates that this organism will attack 
cannot be given, but as shown by the chemical tests in table 2, 
arabinose, glucose, galactose, lactose, levulose, maltose, mannose, 
xylose, sucrose, melezetose, and raffinose were utilized. 

Decomposition of agar: 

Change in viscosity: When grown in a 0.5 per cent agar solu- 
tion Ps. segne produced a change in the viscosity of the solution. 
After twenty days incubation the agar material was quite liquid. 
Figure 2 shows the difference in viscosity between the uninoc- 
ulated control and the inoculated materials. It will be noted 
that about an 80 per cent change in the viscosity at 25°C. was 
effected by this organism. 

Products of decomposition of agar: Determinations were made 
upon digested agar material to determine if possible the products 
of decomposition. Fehling’s solution was not reduced by the 
digested material, and although all of the previously described 
tests for carbohydrates were made, no positive results were ob- 
tained. 

Utilization of organic acids: As indicated under the utiliza- 
tion of carbohydrates, repeated attempts were made to obtain a 
nitrogen source with which it would be possible to show the utili- 
zation of the various compounds as indicated by acid production 
without interfering-substances being formed. These series 
of experiments were not successful, and therefore the utilization 
of the organic acids was studied by a comparative method, 
in which the pH change produced in the medium, and the 
magnitude of growth were taken as the indication of the utiliza- 
tion of the organic acids. In a concentration of 0.2 per cent 
n-butyric, caproic, citric, lauric, oleic, palmetic, n-propionic, 
and valeric acids were toxic; but when the concentration was 
reduced to 0.05 per cent, they were not toxic. The following 
organic acids were utilized by Ps. segne: acetic, n-butyric, formic, 
lactic, malonic, d- and |-malic, succinic, and tartaric, while 
aconitic, caproic, citric, lauric, oleic, oxalic, palmetic, n-propionic, 
and valerie acids were not. 


Utilization of nitrogen compounds: 
Reduction of nitrates: Nitrates were not reduced. 
Utilization of nitrogen sources: The same nitrogen compounds 
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listed before were used and repeated inoculations were made, but 
growth could not be induced in any of the compounds other than 
peptone. Because of this peculiarity, only peptone could be 
used as a basic medium for the various tests. 


GENERAL DISCUSSION AND SUMMARY 

Many microérganisms are associated in the purification process 
of a trickling filter receiving a creamery waste, as has been shown 
by Levine and Soppeland (1926) and by Frye and Becker (1929). 
The exact nature of the association of the various forms is not 
known. 

No doubt the ability of Achromobacter pastinator to utilize 
lactose and galactose accounts for its presence in the trickling 
filter. Since Ps. lacunogenes and Ps. segne utilized lactose, ga- 
lactose, and lactic acid, their presence in the filter no doubt was 
due to their ability to utilize these compounds. Since these 
organisms attacked the complex colloid agar, their function 
may have been that of breaking down the colloidal jell-like 
material, which made up the organic growth of the filter. 

Without doubt such organisms as have been described here 
may be found in many places in nature in connection with di- 
gestion of naturally occurring gums and jells. Since the work on 
this paper was finished, Nicol (1931) has described agar-softening 
organisms from garden soils in England. 

Many of the agar-digesting microérganisms described in the 
literature were reported as having no action on carbohydrates. 
It is possible that these organisms were similar to Ps. lacunogenes 
and Ps. segne in producing an alkaline reaction in the peptone 
medium which masked any slight acidity that might have been 
produced from the carbohydrates. Perhaps if an inorganic 
source of nitrogen were used or a chemical determination of the 
sugar before and after fermentation were made, the organisms 
thus described might be shown to utilize many of the carbo- 
hydrates. 


CONCLUSIONS 


1. Three groups of microérganisms capable of digesting agar 
were isolated from an experimental trickling filter. A survey 
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of the literature indicated that they were distinctly different 
from previously described species. 

2. These three groups were recognized as new species as follows: 

Group I. This microérganism was very energetic in its attack 
on agar and quickly liquefied an agar medium. Because of the 
marked excavation of the agar along a streaked culture and 
because no pigment was produced, the name Achromobacter 
pastinator, meaning the one who digs a trench, was given this 
bacterium. 

Group II. The name Pseudomonas lacunogenes was given to 
this microérganism because of the dimpled appearance of the 
colonies on an agar plate and because of the motility by means 
of a single polar flagellum. 

Group III. Because of its backward or non-energetic action 
toward the various compounds and because of its motility by 
means of a single polar flagellum, the name Pseudomonas segne, 
meaning non-energetic or backward in doing anything, was given 
to this microérganism. 

3. Viscosity determinations showed that marked change was 
effected in the jell structure of agar by growth of these organisms 
upon an agar medium. 
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The work here described is concerned with the fate of microér- 
ganisms in berries and vegetables held under different conditions 
of oxygen environment and low temperature storage, for periods 
varying from fourteen weeks to two years. 

In all experiments the 500 cc. container, tin or paper, consti- 
tuted the unit. The temperatures available were —20°C., 
—10°C., —7°C., —4°C., and —2°C. The products were packed 
according to accepted practice, berries in sucrose solution and 
vegetables in sodium chloride solution, as later described. In 
the routine microbiological analyses standard nutrient agar pH 
6.8 to 7.0 was used, and wort agar,' pH 4.8 approximately, was 
employed from time to time for study and identification of molds 
and yeasts. 

By selecting uniform produce of known history, and by doing 
the actual packing in plants where all facilities for washing, grad- 
ing and inspecting were available, microbiological variations in 
the containers of any one experiment were kept to a minimum. 
The containers were filled with 360 grams of produce and 120 
grams freshly prepared sucrose or sodium chloride solution, 


1 The formula for this medium is: 


Commercial malt sirup, hop flavored 100 grams 
Shredded agar... 15 grams 
Water (tap) 1,000 ec. 


The ingredients are heated in flowing steam to dissolve, dispensed and auto- 
claved at 5 pounds pressure for fifteen minutes. High temperatures have been 
found to destroy the solidifying property of the agar. For wort, the agar is 
omitted. Adjustment of reaction is unnecessary, and filtration is optional 
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sealed with or without vacuumization, and promptly put in 
cold storage, a few containers selected at random being retained 
for establishing the initial count. The frozen material was 
analyzed every two weeks for the first three months, thereafter 
once a month. For analysis the sample containers immediately 
after thawing in water at about 37°C. were well shaken and 100 
grams of the contents of each, solid and liquid, in approximate 
proportion 3:1 by weight, transferred aseptically to a sterile jar. 
One hundred cubic centimeters of sterile water were then added, 
and the sample well mashed with a large flamed spatula and again 
shaken. From this, dilutions were made as needed and cultures 
prepared.2 Incubation was at 21°C. for five to seven days. 


FROZEN PACK BERRIES 


Figure 1 shows the microbiological changes that occurred in 
Evergreen blackberries in 40 per cent sucrose solution, stored 
thirteen months in paraffined paper cups, in sealed cans without 
vacuum and in cans with machine vacuum of 20 inches, at tem- 
peratures of —20°C., —10°C., and —2°C. Figure 2 gives the 
findings during a period of four months on Marshall strawberries 
in 50 per cent sucrose solution, packed in paper containers and 
sealed cans at —20°C., —10°C., —7°C. and —4°C.; while figure 
3 deals with Cuthbert raspberries similarly packed and stored 
during a fourteen-week period. The findings on vacuumized 
containers, being very similar to those on sealed non-vacuumized 
containers, are not included in figures 2 and 3. 

From these charts three main facts will be noted: (a) The much 
less rapid decrease in microbial numbers at —20°C. than at — 10°C. 
This holds true whether the container permits ingress of air or 
not, as shown by curves 1, 4 and 7 of figure 1, and curves 1 and 5 
of figures 2 and 3, in comparison with others. Similar findings 
have previously been noted by Prescott et al. (1932) and by Berry 
(1932). (b) The rapid increase of microérganisms in non-airtight 
containers, and their decrease in sealed containers, at —2°C. and 
—4°C., as shown in a comparison of curve 3 with curve 6 or 9, 


? Prescription bottles of 250 cc. capacity have been found satisfactory substi- 
tutes for petri dishes in routine work. 
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Fig. 1. 1, paper cup, —20°C.; 2, paper cup, —10°C.; 3, paper cup, —2°C.; 4, 
l-pound can sealed, —20°C.; 5, 1-pound can sealed, —10°C.; 6, l-pound can 
sealed, —2°C.; 7, l-pound can, vacuum of 20 inches, —20°C.; 8, 1-pound can, 
vacuum of 20 inches, —10°C.; 9, l-pound can, vacuum of 20 inches, —2°C 
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Fig. 2. 1, paper cup, —20°C.; 2, paper cup, —10°C.; 3, paper cup, —7°C.; 

4, paper cup, —4°C.; 5, no. 2 can sealed, no vacuum, —20°C.; ¢, no. 2 can sealed, 

no vacuum, —10°C.; 7, no. 2 can sealed, no vacuum, —7°C.; 8, no. 2 can sealed, 
no vacuum, —4°C. 
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figure 1, and curve 4 with curve 8, figure 2 or 3. (c) The more 
rapid decrease in microérganisms in sealed than in non-airtight 
containers at —10°C. and —7°C., as shown in a comparison of 
curves 8 and 5 with curve 2, figure 1, and curves 6 and 7 with 
curves 2 and 3, figures 2 and 3. 

It is suggested that these phenomena are explainable, in part 
at least, on the ground of changed gaseous environment due to 
respiration of the material packed. It is known that raspberries 
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Fig. 3. 1, paper cup, —20°C.; 2, pages cup, —10°C.; 3, paper cup, —7°C.; 4, 


paper cup, —4°C.; 5, l-pound can sealed, no vacuum, —20°C.; 4, 1-pound can 
sealed, no vacuum, —10°C.; 7, 1-pound can sealed, no vacuum, —7°C.; 8, 1-pound 
can sealed, no vacuum, —4°C. 


stored at 15°C. and at 0°C. give off some 70 and 20 mgm., respec- 
tively, of CO, per kilogram per hour. Strawberries emit some- 
what less, an absorption of oxygen accompanying the process. 
A delay of one hour at 20°C. before putting in storage would 
therefore permit approximately 25 mgm. CO, to be evolved from 
360 grams of material, and the amount doubtless would be in- 
creased before ice-formation took place in storage.’ It is probable, 


* It has been shown by Joslyn and Marsh (1932) that with an initial tempera- 
ture of 20°C. and storage temperature of —17°C., 400 grams of 40 per cent sucrose 
solution remain ice-free one and one-half hours. 
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also, that the amount of CO, would be in excess of the theoretical, 
owing to bruising of the tissues, as the findings of Pfeffer (1896) 
suggest. 

The theory that CO, exerts a destructive influence on the micro- 
organisms on fruits preserved by freezing is apparently supported 
by the following experiment: A series of tins containing 300 grams 
strawberries and 190 ec. of 50 per cent sucrose solution per tin 
was prepared; another series containing 300 grams per tin of straw- 
berries only, was heated in the autoclave at 90°C. for ten min- 
utes. The heated tins on cooling received, per tin, 190 ec. of 50 
per cent sucrose solution inoculated with washings from cultures 


TABLE 1 
Destruction of microédrganisms in (a) fresh strawberries, (b) heated and re 
strawberries at freezing temperatures 


Medium used, nutrient agar, pH 6.8 


AFTER FOUR WEEKS STORAGE APTER TEN WEEKS STORAGE 
ORIGINAL - = 
COUNT °C -7°C —20°C _7°C 
=) “ - ‘ 
BERRIE oe 
GRAM " “ * 
Pres- | Count | Pres- | Count | Pres-| Count Pres- | Count 
sure (per gram sure (per gram) sure per gram sure per gram 
mr mn mmm 
Fresh* 228,000, 25 160,000) 50 66,000' 25 | 96,000) 62 20,000 
Heated and rein- 


oculated 340,000, 0.0310,000! 0.0300,000, 0.0216,000) 0.0240,000 


* Late season, poor quality produce 


of frozen pack strawberries, the chief organisms being a Clado- 
sporium species and a Saccharomyces species. ‘Tests were run on 
the freshly-packed material, the tins sealed, and stored, one-half 
of each series at —20°C. and one-half at —7°C. Results of 
analyses after four weeks and ten weeks storage are given in 
table 1. 

It will be noted that the containers of fresh berries developed 
pressure, and, especially at —7°C., showed a marked reduction in 
microbial numbers during the storage period, whereas the inac- 
tivated berries developed no pressure, and the microbial content 
of the containers decreased relatively slightly at both storage 
temperatures. 


JOURNAL OF BACTERIOLOGY, VOL. XXVI, NO. 5 








464 J. A. BERRY 


The literature on the effect of CO, on microérganisms has been 
reviewed by Valley (1928), and Brooks et al. (1932) have recently 
investigated the value of CO, in preventing microbial spoilage of 
fruit and vegetables in transit. Further work regarding the 
respiration of raw material intended for freezing preservation to 
establish the respiratory quotient, the amount of CO, actually 
evolved (sealed containers invariably show slight pressure after 
thawing), and precisely the extent to which CO, acts as a germi- 
cide, particularly on the molds and yeasts occurring on small 
fruits, is urgently needed. 

During low temperature storage all types of microérganisms 
observed were adversely affected, except that at —2°C. black- 
berries in non-airtight containers showed growth of Cladosporium 


TABLE 2 
Effect of freezing temperatures on the viability of spores of Penicillium sp. in 
Czapek’s solution 


Initial count, 28,000 per cubic centimeter 
| 
| TEMPERATURE 
COUNT AFTER DAYS |—— — 
—20°C. 

















l —10°C. —6°C 
21 4,500 per cc. 3,200 per cc. 8,000 per cc. 
42 4,200 per cc. 2,500 per cc. 7,200 per cc. 





sp. and Torula sp. (fig. 1, curve 3), and strawberries and rasp- 
berries at —4°C. in similar containers showed an increase of 
Oidium sp. and Torula sp. (figs. 2 and 3, curves 4). 

Flavobacteria, which were fairly numerous on the fresh black- 
berries, did not appear in cultures after five months, and there 
appeared to be a relative decrease in yeasts, as sealed containers of 
blackberries after eight months storage at —20°C., failed in about 
80 per cent of cases to undergo alcoholic fermentation in ten days 
at 20°C. At temperatures of —20°C., —10°C., and —7°C. the 
initial relative proportions of Cladosporium, Penicillium, Oidium, 
Torula and Bacillus species appeared to be roughly retained at all 
stages. Precise data on this point are, however, lacking. 

Pure culture studies of the spores of Cladosporium sp. and 
Penicillium sp. in Czapek’s solution, and of Torula sp. and Sac- 
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charomyces sp. in wort plus 30 per cent sucrose, subjected to 
various freezing temperatures, indicate that the death rates at 
—6°C. are lower and at —10°C. slightly higher than at —20°C. 
Evidently, curves as shown on figures 1, 2 and 3 would not be 
secured with artificial media (see table 2). 


FROZEN PACK VEGETABLES 

The study of vegetables preserved by freezing has been directed 
mainly to the presistence of certain organisms, data on the original 
flora in most cases being lacking. Though the microbiological 
count on raw vegetables may reach 3,000,000 per gram, washing 
and scalding at about 95°C. for one to three minutes, which 
are necessary for enzyme destruction in vegetables intended for 
freezing preservation, undoubtedly effect a very considerable 
reduction in viable organisms. Nevertheless, some 50 containers 
of scalded peas packed in 3 per cent sodium chloride solution and 
stored at —10°C. for two years have yielded without exception 
cultures of lactobacilli, in some cases from amounts as small as 
0.01 gram of the freshly thawed packing liquor. In spoilage stu- 
dies of frozen pack peas the method generally followed has been 
to incubate the unopened containers for two to five days at 20°C., 
and to streak the packing liquor, now turbid and having a pH 4.4 
to 5.0, on glucose agar containing Andrade indicator. A few 
colonies of Aerobacter have sometimes developed from such 
inoculations. Each of fifteen pure strains of lactobacilli isolated 
from such cultures failed to produce gas in carbohydrate media, 
and the majority, since they form acid in arabinose and trehalose, 
have been classified with L. cucumeris. 

A temperature of —4°C. has proved insufficient to inhibit 
microbial development in peas either in airtight or non-airtight 
containers, counts at this temperature rising to over 1,000,000 per 
gram in two months. This growth is bacterial rather than fungal 
as in small fruits, peas having a reaction of about pH 6.5; berries 
about pH 3.6. The organisms, of which there seems to be more 
than one type, have not to date been identified, though the genus 
Pseudomonas appears to be represented. Morris (1931) also has 
reported the growth of microérganisms on peas stored at —5°C. 
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The presence of organisms of the “colon”’ group, chiefly genus 
Aerobacter, has been repeatedly demonstrated in string beans, 
scalded and unscalded, with and without sodium chloride solution 
as packing liquor, after nineteen months storage at —10°C., 
amounts as small as 0.10 gram usually giving a presumptive test. 
The same is true of scalded spinach stored at —10°C. for ten 
months. The usual method of seeding in graded amounts in 
lactose bouillon, streaking from this after incubation at 37°C. on 
eosin-methylene-blue agar, and subsequently testing the organ- 
isms in pure culture for acetyl-methyl-carbinol production and 
by the methyl-red test has been followed in this study. In the 
spinach in question, ‘“‘colon’’ organisms apparently became the 
predominating type when containers were allowed to remain at 
20°C., considerable gas being evolved and the contents reaching 
pH 5.0 to 5.4 in three to five days. 

The persistence of lactobacilli and organisms of the ‘‘colon” 
group in frozen pack vegetables may be of interest to public health 
workers. The writer (1932), in an earlier paper, has called atten- 
tion to the factor of antibiosis in frozen pack foods as possibly 
bearing on the problems of spoilage and healthfulness of these 
products, and Sherman, Stark, and Stark (1927, 1928a, 1928b) 
have shown that some of the lactic acid organisms, and to a lesser 
degree the “colon’”’ and other intestinal organisms influence the 
physiology of Cl. botulinum under certain conditions. 


EFFECT OF COLD AND COLD PLUS ICE FORMATION ON SACCHAROMYCES 
SPECIES 

In an attempt to evaluate the destructive influence of ice- 
formation on microérganisms, advantage has been taken of the 
fact that a liquid may be subjected to a sub-freezing temperature 
without ice formation if enclosed in a capillary, as described by 
Bigelow and Rykenboer (1917). The method used has been as 
follows: A suspension of yeast cells is made by adding 4 drops of a 
young wort culture to 10 cc. wort. From this well-mixed sus- 
pension a series of capillaries about 0.75 mm. outside diameter 
and 170 mm. long is charged, and a series of tubes 12 by 75 mm. 
receiving 1 ec. per tube also prepared. After exposure to — 10°C. 
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for a suitable period the contents of three capillaries are emptied 
on a sterile concave slide, mixed, and with a platinum loop 3 mm. 
inside diameter, five loopfuls are transferred to 5 cc. sterile wort 
as diluent. From this, 1 and 0.1 ce. amounts are plated in wort 
agar. The frozen suspension in the tube, after thawing at 20°C. 
and mixing, is similarly treated. Analysis of the freshly-pre- 
pared suspension is made in the same way. Calibration of the 
loop is unnecessary for comparative results. Preliminary experi- 
ments have indicated that the methylene blue test to distinguish 
between live and dead cells should be abandoned in favor of the 
cultural method. As shown by Fink and Weinfurtner (1930) 


TABLE 3 
Effect of exposure to —10°C. with and without ice-formation on cells of Saccharo- 
myces sp. in wort 


Initial count, 1,120 n cells per cubic centimeter (n is approximately 180) 
I I ; 


DAYS aT —10°C VIABLE CELLS, LIQUID WORT VIABLE CELIA, FROZEN WOR 
l 860 n 180 n 
2 685 n 20 n 
3 580 n 10 n 
4 450 n 
5 440 n 
6 400 n 


both pH and solutes affect the permeability of yeast cells to 
methylene blue. 

Results as presented in table 3 show a much more rapid decrease 
of viable cells in frozen than in unfrozen wort. 

That microérganisms in aqueous suspension are crushed by ice 
crystals when freezing occurs, but that in colloidal or other solu- 
tions they tend to be extruded with other matter from the crystals 
with less injury, as stated by Keith (1913) seems to be generally 
accepted. A very destructive effect of ice-formation, apart from 
cold, on other forms of life is shown by Chandler’s (1932) experi- 
ments with pollen. Concentrated solutions, such as a 50 per 
cent sucrose solution, do not freeze solid at —6°C., and in such a 
mass microérganisms would be shifted, in part, to zones which 
stay liquid. Here the destructive effect of ice-formation is 
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avoided, though the organisms are subjected to a hypertonic 
solution. As might be expected from the studies of Sedgwick 
and Winslow (1902) on the movement of typhoid organisms in a 
freezing liquid, experiments indicate that a larger number of viable 
organisms is present per cubic centimeter of concentrated sugar 
solution in the bottom of containers of small fruits stored at — 10°C. 
than in the freshly thawed relatively sugar-free ice from the top. 
The desiccative as well as the crushing effect on microérganisms 
in more or less pure water ice should be considered, it being the 
view of most plant physiologists, among them Miiller-Thurgau 
(1880, 1886) and Maximov (1914) that withdrawal of water from 
the cell contents during ice-formation can result in irreversible 
changes in the protoplasm, which may prove fatal. That ice is 
formed within the microbial cell, at least at —20°C. seems im- 
probable, owing to capillary forces and substances in solution, 
as noted by Miiller-Thurgau (1880, 1886). 


SUMMARY 


Data have been presented showing a decrease of approximately 


40 per cent in microérganisms on blackberries stored in airtight 
and non-airtight containers for thirteen months at —20°C.; of 
99 per cent at —10°C. and, in airtight containers only, of over 99 
per cent at —2°C. Also with strawberries a decrease of 60 per 
cent in microérganisms has been shown in both airtight and non- 
airtight containers stored four months at —20°C., of 89 per cent 
at —10°C. and —7° C., and, in airtight containers only, of 94 per 
cent at —4°C. With raspberries stored fourteen weeks the de- 
crease was 61 per cent at —20°C., 95 to 97 per cent at —10°C. 
and —7°C., and 99 per cent in airtight containers only, at —4°C. 
Possibly the greater respiratory activity of raspberries is reflected 
in these percentages. No significant microbiological differences 
have been noted between sealed containers and partly vacuumized 
containers stored at the same temperature. 

Studies on the fate of microérganisms in artificial media at 
various freezing temperatures have been recorded and indicate 
that the death rates in such are not comparable to those when the 
medium is fresh fruit. It has been suggested that CO, from respi- 
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ration of the fruit is responsible for the high death rates at — 10°C.., 
—7°C. and, where the container is airtight, at —4°C. and —2°C. 

Growth of Cladosporium sp. at —2°C., and of Oidium sp. and 
Torula sp. at —4°C. on small fruit in non-airtight containers has 
been recorded. 

Evidence is presented that Lactobacilli and to a lesser extent 
“eolon’’ organisms persist in peas for at least two years at — 10°C. 
and “colon” organisms in string beans and spinach at — 10°C. for 
at least nineteen months and ten months respectively. It has 
been further noted that bacteria, presumably of the Pseudo- 
monas genus will increase in peas stored at —4°C. 

The effect on Saccharomyces sp. of a temperature of —10°C., 
when the medium remains liquid, has been compared with the 
effect at —10°C. when the same medium freezes. Figures have 
been presented showing the destructive effect of ice-formation on 
the test organisms. 
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Anyone attempting the study of a problem related to anaerobic 
organisms is immediately impressed with the multitude of 
methods for their cultivation. These methods were reviewed 
by Hunziker (1902) and again by Hall (1929) who concludes that 
with the exception of Barber’s pipette method no single method 
should be relied upon for isolation. Three methods of culture 
are therefore necessary to a correct study of obligate anaerobes, 
namely; (1) the cultivation and isolation of colonies in deep agar, 
(2) the growth and separation of colonies on surface agar, and 
(3) the growing of isolated organisms in liquid media. Liquid 
cultures may be easily obtained by regulation of the hydrogen ion 
concentration and addition of oxygen-reducing substances. Deep 
agar colonies present no problem in anaerobiosis when grown by 
Burri’s method as modified by Hall (1930). However, methods 
heretofore introduced for successful cultivation of surface colonies 
still leave much to be desired. 

Hall considers the methods of obtaining surface growth based 
upon the removal of oxygen by formation of pyrogallate, such as 
Wright’s and Buehner’s methods, the most practical. These 
methods are time-consuming, give little streaking surface and 
have many other undesirable features. Spray (1930) devised a 
modification of the McLeod dish which is perhaps the best so far 
introduced. ‘This very simple dish is rather easy to operate but 
has many disadvantages. The tube described herein was designed 
by the writer to eliminate some of the obvious difficulties of exist- 
ing methods. 

The tube is in effect a modification of Wright’s method changing 

471 








472 JAMES R. REEVES 


the position of the media and of the pyrogallate thus permitting 
more streaking surface, wider range in handling the tube and 
easier access to growing colonies. Time of manipulation is 
reduced as well as the hazards of contamination. 

The device consists of a round flat bottom dish connected to a 
tubular section by a constricted U neck. The dish section is 
drawn out to fit a No. 2 rubber stopper and at the same time bent 











D1aGRAM OF TUBE AFTER INOCULATION SHOWING PosITION OF AGAR IN 
RELATION TO CHEMICALS 


Inoculations are made through hole filled by upper stopper. Chemicals are 
introduced through lower opening. Tubes may be incubated upright in a wooden 
block as shown. 


upward away from the flat bottom. A hole to accommodate a 
No. 1 rubber stopper is blown into the side of the tubular section. 
The dish end will give a streaking surface of 2} inches in diameter 
or more if desired while the tubular end is ample for enough 
pyrogallate to produce anaerobiosis. 

For obtaining surface colonies of Cl. Welchiit the following 
routine is practiced. The tubes are washed, both holes are 
plugged with cotton and sterilized in a hot air oven. Upon 
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removal, 10 to 15 ce. of 3 per cent veal infusion agar, pH 8.0, 
previously enriched with 10 per cent fresh rabbit’s blood is cooled 
as much as is possible without permitting it to congeal, then 
poured into the dish end and the cotton stopper replaced. If all 
tubes poured are to be used immediately and care is employed in 
cooling the media, no water of condensation will form in the tube. 
Tubes of blood agar for future use may be poured and kept indefi- 
nitely if permitted to dry a few hours, the cotton stoppers then 
being replaced with sterile rubber ones and the media kept in a 
refrigerator. When the tube is ready for inoculation the material 
is streaked on the surface of the agar in the dish end and the cotton 
replaced by a sterile No. 2 rubber stopper. The tube is then held 
upright, a No. 000 capsule of crystal pyrogallic acid dropped 
through the hole into the tubular end and 2 to 3 ec. of 10 per cent 
sodium hydroxide pipetted in upon it. The hole is then closed 
with a sterile No. 1 rubber stopper and the tube incubated. For 
the conservation of incubator space a block of wood with holes 
accommodating the tubular end and bored at an angle may be 
made. The object of placing the tubes at an angle is to permit 
any moisture that may collect in the top of the dish to run back 
into the tubular section, which it does very nicely, giving an 
unmoistened, uncontaminated agar surface. Crystal pyrogallic 
acid as used in photographic solutions is much heavier and there- 
fore preferable. A No. 000 capsule will hold a little over 1 gram 
of this substance and since the volume of the tube is approxi- 
mately 80 cc., 1 gram of pyrogallic acid is ample to produce 
anaerobiosis. 

The spray dish necessitates the pouring of plasticine or paraffine 
which is always time consuming and unhandy. We have found 
in this laboratory that Cl. Welchiit and Vibrion septique will give 
good surface growth in eighteen hours and Cl. tetani in from 
twenty-four to forty-eight hours without sealing either stopper 
with paraffine. The above-named organisms cause complete 
blackening of sodium sulphite agar in seventy-two hours in 
these tubes. 

Other dish-like devices make no provision for water of conden- 
sation which we have found to form invariably in sealed tubes 
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containing pyrogallic acid and sodium hydroxide. Water may 
appear in the change from incubator to room temperature espe- 
cially if Chapman’s (1928) method of incubation at 48°C. is used. 
The constricted neck separating the growing colonies from the 
pyrogallate makes for greater manipulation of the tubes which is 
necessary in the observance of growing colonies and their removal 
from the tube with the aid of a dissecting (Greenough) microscope. 
These tubes may be blown from ordinary glass tubing by a skilful 
worker or they are at present commercially available in the more 
suitable pyrex glass.’ 

The writer wishes to express his appreciation for the kind assist- 
ance given by Dr. Thurman B. Rice, Professor of Bacteriology 
and Public Health, and to Dr. Harold M. Trusler, Director of 
Research. 


SUMMARY 


We have presented a simple glass tube as a modification of 
Wright’s method for surface growth of anaerobes which facilitates 
handling and gives greater surface for growth. The tube elimi- 
nates the use of plasticine and paraffine in growing the less strict 
anaerobes which is in itself a distinct advantage. 

Consideration of the troublesome factor of water condensation 
has been given, with some success in its removal. 

The time of inoculation of tubes has been reduced, the hazard 
of contamination reduced, while the factor of handling of growing 
cultures has been enhanced. 

The tube permits daily or hourly observation of growing colo- 
nies with the aid of a Greenough dissecting microscope and 
photographic studies of these colonies without disturbing their 
environment. 
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Although the commoner sugars and alcohols have found an 
everyday use in bacteriological work for the differentiation and 
characterization of species, it is only rarely that sugar fermenta- 
tion has been studied from the standpoint of correlating sugar 
structure with utilization. 

In the present investigation we have employed a number of 
“substituted” sugars and have compared the ability of various 
bacteria to make use of these modified sugar molecules with the 
utilization of the commoner sugars from which they were de- 
rived. The sugars available for this study comprised a number 
of methyl derivatives of the commoner hexoses and pentoses, 
an amino derivative, a sugar acid, a sulphur-containing sugar, 
several acetyl sugars and two heptoses. These were subjected 
to tests of fermentation by a number of the commoner saprophytic 
and pathogenic bacteria. 


METHODS 


Utilization of the sugars was determined by the conventional 
method of detecting acid and gas production by the organisms 
when grown in a suitable medium containing a small amount of 
the test substance. There is of course the possibility that certain 
organisms might make use of the sugars without giving rise to 
detectable acid end-products and that this would lead to erro- 
neous conclusions. It is believed, however, that the usual method 
of detecting fermentation is substantially accurate for the micro- 
organisms used in this study. Moreover, the alternative method 
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of quantitative estimation of each test substance was out of the 
question since accurate methods are not available for all of the 
rare sugars or sugar derivatives in a substratum such as nutrient 
broth. 

In the preparation of the rare sugars used for this investigation 
the usual methods were followed and the melting points, after 
repeated crystallizations, were checked with those reported in 
the chemical literature.' 

Liquid media were employed for most of the fermentation tests, 
though a semi-solid agar was also used on some occasions. For the 
basic medium, either meat-extract-peptone broth or veal-infusion- 
peptone broth was used, depending upon the growth requirements 
of the various organisms to be tested. In every case brom-thy- 
mol-blue was added and the medium adjusted to pH 7.0. The re- 
sulting indicator broth was tubed in definite amounts and sterilized 
in the autoclave. In a few instances, especially when pneumo- 
cococci were employed, 10 per cent by volume of sterile beef serum 
was added to the infusion broth after sterilization. 

Solutions of the sugars and related compounds were prepared 
separately in distilled water and sterilized by filtration through 
Seitz filters. They were then added to the indicator medium to 
give concentrations of 0.5 to 1.0 per cent. In a few instances 
where the substituted radicals added considerably to the molecu- 
lar weight of the compound, an additional amount was used in 
order to bring the concentration of the sugar fraction of the mole- 
cule to the proper figure. Solutions of certain compounds such 
as gluconic acid and glucosamine hydrochloride, which were dis- 
tinctly acid, were neutralized with sodium hydroxide solution 
before filtration. A few additional compounds which were rela- 
tively insoluble were added directly to the broth and the whole 
medium filtered and filled aseptically into sterile tubes. In each 
instance a period of incubation was allowed, to check the sterility 
of the medium before it was inoculated. 

About twenty-five representative species of the better-known 


1 We are indebted to Dr. W. C. Austin of the Department of Physiological 
Chemistry of Loyola University for samples of d-arabinose, glucoheptose and 
glucoheptulose. 
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bacteria and yeasts were employed. Usually two or more strains 
of each species were included so that well over fifty cultures were 
used in each of the tests. An incubation temperature of 37° C. 
was employed for the bacteria and a temperature of 25° to 30° C. 
for the yeasts. Readings were made daily for the first several 
days after inoculation and thereafter at definite intervals through- 
out a period of three weeks. Several controls were included with 
each test. As a control on the stability of the compound while 
in solution, two uninoculated tubes were incubated along with 
the inoculated ones. This served to detect and to eliminate from 
the tests those compounds which broke down spontaneously 
with the formation of acid end-products. As a second control, 
tubes of broth with indicator but without the test sugar were inoc- 
ulated with each organism. This procedure assisted in the inter- 
pretation of results in those instances where an organism was 
capable of producing slight initial increases in the hydrogen-ion 
concentration from the peptone or other ingredients of the broth 
without attacking the sugar. 


DISCUSSION OF RESULTS 
The results are summarized in tables 1 to 4, where they have 
been grouped with regard to chemical structure of the compounds. 
In certain cases it will be noted that the compounds tested do not 
represent a complete series. Thus, table 1 presents the results 
with methyl glucoside and methyl mannoside in comparison with 
glucose and mannose. The preparation of the other glycosides 
is more difficult and has not yet been completed. We hope to be 

able to include them in subsequent reports. 


The methyl glycosides 


The effect of attaching a methyl radical to two of the common 
hexoses is shown in table 1. In each instance the methy! radical 
has been substituted for the hydrogen of the hydroxyl group at- 
tached to the number one carbon atom. It is evident that this 
change in the sugar molecule has brought about a profound dif- 
ference in the availability of these compounds for use by bacteria. 
Of the many organisms which fermented glucose and mannose 





TABLE 1 








Fermentation of methyl glucoside and methyl mannoside compared with glucose 


B 
B 


Bact. prodigiosum 


P 


B 
B 


Bact. friedlanderi 


Ss 


S. 


hn hy 


C 


Seen 


and mannose 





| @-METHYL- | 


ORGANISMS d-GLUCOSE | d-GLUCOSIDE | d-MANNOSE 


. sublilis.. 
. megatherium 


roteus vulgaris 
act. coli 
act. aerogenes 


. paratyphosum 


schottmilleri 
. aertrycke 

. enteritidis 

. cholerae-suis . 
. typhi. 


. dysenteriae, Flexner 
. dysenteriae, Sonne. . 
C 


diphtheriae 
. Terosis 


Sarcina lutea 


Staph. aureus 


Staph. albus 


Streptococcus 
Streptococcus 
Streptococcus (erysipelas) 
Pneumococcus, I, II and III 
Saccharomyces cerevisiae 


T 


H 


orula cremoris 


d-glucose 


H OH 
\ 

C- -_ 
H—C—OH 
O—C-—H O 
H—C—OH 
H—C- 

CH,OH 


(scarlet fever) 





a-methyl 


d-glucoside d-mannose 


H OCH, H OH 
». 
aida Cc— 
H—C—OH HO—C—H 
HO—C—H 0O HO—C—H 
) 
H—C—OH H—C—OH 
a —o— 
CH,OH CH,OH 








A 0 0 
A 0 0 
A 0 A 
AG AG AG | 
AG | 0 AG | 
AG AG AG | 
A or AG | A or AG! A or AG | 
AG | 0O AG 
AG | 0 AG 
AG 0 AG 
AG 0 AG 
AG | 0 AG 
A 0 A 
A 0 A 
A 0 A 
A .>' A 
A 0 A 
0 0 0 
A 0 A 
A 0 A 
A A* A 
(septic sore throat) A A* A 
A A* A 
A A* A 
AG AG AG 
AG 0 AG 


a@-METHYL- 
d-MANNO- 


SIDE 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


a-methy] 
d-mannoside 


H OCH 
‘i s 
| 
HO—C—H 
| O 
HO—C—H 
H—C-— 
H—C—OH 
CH,OH 
(tentative 
formula) 


A = acid to brom-thymol-blue; A* = slow or feeble fermentation; G = gas pro- 
duction; 0 = neither acid nor gas production. 
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only a few were able to utilize methyl glucoside, while none of 
them could make use of methyl mannoside. 

The difference in behavior of Bact. coli and Bact. aerogenes in 
methyl! glucoside was found to hold true for a larger number of 
strains than those shown in the table. This has been reported 
in detail elsewhere (Koser and Saunders, 1932a). The behavior 
of the streptococci from scarlet fever, septic sore throat and 
erysipelas and also of the pneumococci is of interest, since many 
other organisms, including staphylococci, lacked ability to split 
the glucoside. The production of acid from methyl glucoside 
by the streptococci and pneumococci was somewhat slower than 
when glucose was fermented, and the hydrogen-ion concentration 
attained was not as high. Although this fermentation was slow 
it was nevertheless quite distinct after several days, while control 
cultures inoculated into the same medium without the sugar were 
uniformly negative. This interesting ability of the streptococci 
and pneumococci suggests further study of a larger series of these 
organisms. 

The methy! glucoside-splitting abilities of the two yeasts were 
also of interest. Both of these yeasts ferment glucose readily and, 
in addition, the Torula ferments lactose with production of acid 
and gas. Saccharomyces cerevisiae was able to break down the 
glucoside, though it apparently experienced some difficulty in 
doing so. The production of acid and the evolution of gas were 
never as pronounced as when glucose itself was fermented. 
Torula cremoris, though able to ferment a wider range of the com- 
moner sugars, was unable to make use of the methyl glucoside. 

Alpha-methyl-d-mannoside proved to be even more resistant to 
bacterial attack than the corresponding derivative of glucose. 
None of the cultures were able to make use of the methyl manno- 
side. Because of the supposed similarity in structure of these two 
compounds one might be inclined to expect fermentation by the 
same organisms which were capable of splitting methy! glucoside, 
since they do not distinguish between glucose and mannose. Such 
was not the case however. This brings up the question of the 
structure of methyl mannoside. Hudson (1930) has maintained 
that it is a 1-4 ring structure, as shown in table 1, rather than a 
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1-5 attachment as in the case of the glucoside. Our fermentation 
tests would seem to bear out Hudson’s contention, since if methyl 
mannoside has the formula shown in the table the results of 
fermentation tests could conceivably be quite different from those 
secured with a 1 to 5 attachment. This point will be discussed 
in more detail in another place. 

On reviewing the literature with reference to the use of such 
compounds as we have employed, one finds comparatively little 
mention of them. Since the few scattered references deal chiefly 
with methyl glucoside it seems best to compare our own results 
with those of other workers at this point. Gruber (1906) re- 
ported the use of alpha methyl glucoside, along with a number of 
the commoner sugars and alcohols, in a study of colon organisms 
from milk. The glucoside was fermented by some of his “group 
I” and “group II” cultures. Weintraub (1924) and Hees and 
Tropp (1926) found that alpha methyl glucoside was fermented 
by some colon group organisms. The latter authors noted that 
this substance was used by only a few of their coli cultures and by 
all (five) of their aerogenes strains. Beta methyl glucoside was 
fermented by practically all of the coli and aerogenes cultures, 
though in some instances slowly. Kendall and Gross (1930) 
tested the effect of 12 microérganisms upon various substituted 
sugars and related compounds. Alpha methyl glucoside was 
used by Proteus, Bact. cloacae, and Bact. mucosus-capsulatum, but 
not by Bact. coli or Bact. lactis-aerogenes. Aside from the results 
with Bact. aerogenes our findings are in close agreement with 
theirs. Lindner (1921) stated that “yeasts” can attack the alpha 
but not the beta form of methyl glucoside. Our results show 
that not all yeasts are capable of using the alpha form of this 
methyl sugar. We have no data in regard to the beta form. 


Methyl pentoses 


A comparison of /-arabinose with its methyl derivative is shown 
in table 2. Here again it is seen that the insertion of the methyl 
group, as shown in the structural formula, renders the sugar quite 
resistant to bacterial attack. The results of fermentation tests with 
d-arabinose are also included in this table. Arabinose is one of 














TABLE 2 


Fermentation of arabinose and methyl arabinoside 


8-METHY! 
ORGANISMS l-ARABINOSE l-ARABINOSIDE d-ARABINOSE 
B. subtilis... 0 0 0 
B. megatherium 0 0 0 
Bact. prodigiosum ‘ 0 0 0 
Proteus vulgaris 0 0 AG 
Bact. coli. AG 0 AG* 
Bact. aerogenes AG 0 AG* 
Bact. friedlanderi A or AG 0 A* or AG* 
S. paralyphosum AG 0 AG* 
S. schottmiilleri AG 0 AG* 
S. aertrycke. AG 0 AG* 
S. enteritidis AG 0 AG* 
S. cholerae-suis 0 0 AG* 
E. typhi... 0 0 0 
E. dysenteriae, Flexner A 0 0 
E. dysenteriae, Sonne A 0 A* 
C. diphtheriae 0 0 0 
C. rerosis 0 0 0 
Sarcina lutea 0 0 0 
Staph. aureus 0 0 0 
Staph. albus 0 0 0 
Streptococcus (scarlet fever) 0 0 0 
Streptococcus (seytic sore throat) 0 0 0 
Streptococcus (erysipelas) 0 0 0 
Pneumococcus, I, II and III 0? 0 0 
Saccharomyces cerevisiae 0 0 0 
Torula cremoris 0 0 0 
8-methyl 
l-arabinose l-arabinoside d-arabinose 
HO H He OCH; H OH 
\ / ~~ P 4 F i 
Cc Cc C 
H—C—OH H—C—OH HO—C—H 
O HO—C—H O HO—C—H H—- OH O 
HO—C—H | HO—C—H H—C—OH 
— C—H _ C—H H—C 
H H H 


A = acid; A* = slow fermentation; G = gas production. 
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TABLE 3 


Fermentation of zylose compared with methyl ryloside and other methyl pentoses 








| | 
8-METHYL- 











ORGANISMS d-XYLOSE | d-XYLOSE | RHAMNOSE FUCOSE 
B. subtilis. 0 ee fe | 0 
B. megatherium . A 0 ee. 0 
Bact. prodigiosum 0 0 0 0 
Proteus vulgaris 0 0 0 0 
Bact. coli AG 0 AG AG 
Bact. aerogenes AG 0 | @£@ | AG? 
Bact. friedlanderi.. A or AG 0 | A or AG | A or AG? 
S. paraltyphosum 0 0 AG | AG 
S. schottmiilleri AG 0 | AG AG 
S. aertrycke AG 0 | AG AG 
S. enteritidis AG 0 AG AG 
S. cholerae-suis AG 0 AG AG 
E. typhi 0! 0 0 0 
E. dysenteriae, Flexner 0 0 0 0? 
E. dysenteriae, Sonne 0 0 A A 
C. diphtheriae 0 0 0 0 
C. xerosis 0 0 0 0 
Sarcina lutea 0 0 0 0 
Staph. aureus 0 0 0 0 
Staph. albus 0 0 0 0 
Streptococcus (scarlet fever) ? 0 0 0 
Streptococcus (septic sore throat) ? 0 0 0 
Streptococcus (erysipelas) ? 0 0 0 
Pneumococcus, I, II and III ? 0 0 0 
Saccharomyces cerevisiae 0 0 0 0 
Torula cremoris 0 0 0 0 
8-methyl 
d-xylose d-xyloside rhamnose fucose 
H OH CH;0 H HO H HO H 
‘ Jf f 
\ 7 vs ail / 
C— Cc en *) ———C 
H—C—OH | H—C—-OH | H—C—OH | HO—C—H 
| | | | 
HO—C—H O HO—C-—H O O H—C—OH O H—C—OH 
| 
H—C—OH | H—C—OH | | HO—C—H H—C—OH 
| | | | 
} | 
qH—C-——— Z—C-——— nen en) 
H H CH; CH; 





1 Acid after 2 weeks in Bact. typhosum cultures. 


? One strain of each of aerogenes and friedlinder failed to ferment fucose. 
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the few sugars where both d and / forms are available. Therefore 
a comparison of these two forms, which are exact opposites in 
chemical configuration and rotation, possesses considerable in- 
terest. The most striking result was the slow fermentation of the 
d form by most of the microérganisms. Even such vigorous fer- 
menting types as Bact. coli and Bact. aerogenes attacked the d 
form with difficulty and usually several days were required for the 
production of acid and gas. It is noteworthy, however, that two 
organisms, Proteus and S. cholerae-suis, which gave negative re- 
sults with the / form of the sugar, were capable of attacking the 
d form (Koser and Saunders, 1932b). 

In further work with other pentoses (table 3) it was found that 
beta methyl xyloside was not fermented by those bacteria capa- 
ble of utilizing xylose although a number of these organisms can 
ferment lactose, showing that they are able to split some beta 
linkages. Rhamnose and fucose represent compounds with the 
methyl group replacing a hydrogen atom attached to the fifth 
carbon.2 Such a substitution apparently alters the availability 
of the sugar but little. In this connection it is interesting to com- 
pare the spatial configuration and the fermentation of fucose with 
that of d-arabinose. 


Heptoses and other miscellaneous compounds 


Tests with two seven-carbon sugars, d-glucoheptose and d- 
glucoheptulose, were completely negative. A six-carbon sugar, 
d-sorbose, was also found to be quite resistant to bacterial attack. 
Sorbose presents a configuration similar to that of glucoheptulose 
but with a shorter side chain. Of all the organisms employed, 
only a few strains of Bact. aerogenes and Bact. friedldnderi were 
able to ferment this sugar, a result quite the contrary to that se- 
cured with the common hexoses which are fermented readily. 


? Rhamnose is usually considered as a methyl derivative of the unknown pen- 
tose, l-lyxose. It will be evident, however, that both rhamnose and fucose may 
be considered as hexoses with the alcohol group at the sixth carbon atom reduced 
to CH. 
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d-glucoheptose d-glucoheptulose d-sorbose 
H OH CH,OH CH,OH 
| | 
(SSE | OH OH 
bem of a 
H—C—OH | | | | 
| H—C—OH | H—C—OH | 
H—C—OH 0 | O | O 
| HO—C—H HO—C—H | 
HO—C—-H | | 
| H—C—— H—C——~ 
H—C | | 
H—C—OH CH,OH 
H—C—OH 
CH.0OH 
CH,OH 


The utilization of gluconic acid, glucosamine and a sulphur- 
containing derivative of glucose is shown in table 4. The change 
in structure from glucose to gluconic acid prevented the utiliza- 
tion of the molecule by a few organisms, notably the streptococci, 
pneumococci and yeasts. Our results are in partial agreement 
with those of Kendall, Bly and Haner (1923), who reported that 
members of the colon-typhoid-dysentery group, Proteus, the 
cholera vibrio, and pneumococci were able to make use of glu- 
conic acid, while Staphylococcus aureus and Micrococcus tetragenus 
gave negative results. 

The substitution of an amino for an hydroxy] group, as in glucos- 
amine, resulted in relatively little change in the availability of 
the compound insofar as most of the bacteria were concerned. Of 
the few differences, it will be seen that Proteus made use of glucos- 
amine very sparingly if at all, the yeasts gave completely nega- 
tive results and the diphtheria bacillus and the streptococci pro- 
duced a slow fermentation. Glucosamine fermentation by the 
streptococci and pneumococci and by the diphtheria bacillus was 
open to question when these organisms were grown in meat-in- 
fusion peptone broth. When, however, they were grown in 10 
per cent serum broth containing glucosamine, acid was produced 
promptly. 

In all of our experiments glucosamine was used as the hydro- 
chloride and neutralized with sodium hydroxide solution. It was 




















TABLE 4 
Fermentation of some miscellaneous derivatives of glucose 
GLUCOSE 
ORGANISMS GLUCONIC ACID GLUCOSAMINE ETHYL 
Seacrest ; MERCAPTAI 
B. subtilis 0? A 0 
B. megatherium 0 A 0 
Bact. prodigiosum A A 0 
Proteus vulgaris AG 0 or ? 0 
Bact. coli. . AG AG 0 
Bact. aerogenes AG AG 0 
Bact. friedlanderi A or AG A or AG 
S. paratyphosum AG AG 0 
S. schottmiilleri AG AG 0 
S. aertrycke . AG AG 0 
S. enteritidis AG AG 0 
S. cholerae-suis.. AG AG 0 
E. typhi... A A 
E. dysenteriae, Flexner A A 
E. dysenteriae, Sonne A A 0 
C. diphtheriae A* A! 
C. zerosis . 0 0 
Sarcina lutea 0 0 0 
Staph. aureus A* A 0 
Staph. albus... A A 0 
Streptococcus (scarlet fever) 0 A! 
Streptococcus (septic sore throat) 0 A! 
Streptococcus (erysipelas) 0 A} 
Pneumococcus, I, II and III 0 Al 
Saccharomyces cerevisiae 0 0 
Torula cremoris 0 0 
glucose ethyl mercaptal 
gluconic glucos- C,H; C,H 
acid amine %& 
COOH CHO S 8 
H—C—OH H—C—NH; C—H 
| | 
HO—C—H HO—C—H H—C—OH 
| | 
H—C—OH H—C—OH HO—C—H 
| | 
H—C—O0OH H—C—OH H—C—OH 
| 
CH,OH CH,OH H—C— OH 
(tentative 
CH,OH 
formula) 
A* = slight acid production. 
1 Definite fermentation of glucosamine when grown in serum infusion broth. 
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noticed repeatedly that sterile culture media containing neutral- 
ized glucosamine hydrochloride became acid on incubation, 
changing from pH 7.0-7.1 to 6.0-6.3 within four or five days. 
This obscured the results somewhat where there was any tendency 
for an organism to bring about delayed fermentation. However, 
most organisms fermented the glucosamine promptly and the 
results were clear cut, since sterile glucosamine broth tubes 
showed little change in pH within the first twenty-four hours. 

A few references on the utilization of glucosamine have ap- 
peared in the literature. Meyer (1913) reported that members 
of the colon-typhoid-dysentery group, with the exception of the 
Shiga dysentery bacillus, all fermented glucosamine. His results 
with Proteus, Staphylococcus aureus and a Streptococcus hemolyti- 
cus were recorded as slight or doubtful acid production. Den 
Dooren de Jong (1926) found that several of the commoner bac- 
teria fermented this compound. Noble and Knacke (1928) stud- 
ied the action of Corynebacterium diphtheriae and related types on 
glucosamine. Of three strains of the diphtheria bacillus used, only 
one (Park 8) fermented glucosamine definitely and consistently 
in all tests. Four of ten diphtheroids fermented glucosamine 
irregularly, while C. zerosis and C. hofmanni were consistently 
negative. On the whole our results agree with those of the fore- 
going investigators in those instances where a direct comparison 
can be made. 

Glucose ethyl mercaptal was not fermented by any of the or- 
ganisms used in our series. The tests were somewhat obscured 
by the bacteriostatic properties of the compound, but all appeared 
to be negative. When 1.5 per cent glucose ethyl mercaptal was 
incorporated in nutrient broth, growth was distinctly retarded and 
only a light turbidity appeared within the first twenty-four hours 
of incubation, even with the most rapidly-growing types. In the 
case of some cultures several days were required for production of 
visible turbidity. Continued incubation of these tests failed to 
show any evidence of fermentation. Only one reference to the 
fermentation of glucose ethyl mercaptal has come to our atten- 
tion. Hees and Tropp (1926) used this compound in their study 
of colon group organisms. They reported that it was fermented 
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by “Bact. lactis aerogenes’’ but not by Bact. coli. We were unable 
to confirm this observation. 


Acetyl sugars 

In addition to the sugars shown in the tables, penta acety! glu- 
cose and tetra acetyl xylose were used in our series of tests. All 
results with these two acetyl derivatives appeared to be negative, 
but they have not been given in detail since in some respects the 
tests were unsatisfactory. Both sugars are only slightly soluble, 
about 0.2 per cent representing the maximum amount that can 
be got into solution in broth. Because of the relatively large 
molecular weight of the acetyl groups, the actual concentration 
of sugar constituent of the molecule was considerably less than 
0.1 per cent. Also, both of these compounds showed a tend- 
ency to break down with the liberation of acid products after 
several days in sterile nutrient broth at 37°C. 


SUMMARY 

1. Methyl derivatives of several of the commoner sugars, in 
which the methyl group was substituted for the hydrogen of the 
hydroxyl group attached to the number one carbon atom, were 
distinctly resistant to bacterial attack. Thus, alpha-methyl-d- 
glucoside was utilized by comparatively few of the microérganisms 
which fermented glucose. 

2. Similar comparative tests showed that alpha-methyl-d- 
mannoside, beta-methyl-l-arabinoside and beta-methyl-d-xylo- 
side were not fermented by those organisms capable of breaking 
down the corresponding unaltered sugars: d-mannose, /-arabinose 
and d-xylose. 

3. The d-form of arabinose was fermented much more slowly 
than the common /-form by most bacteria. 

4. The methyl pentoses, rhamnose and fucose, in which the 
methyl group is attached to the fifth carbon atom, were fermented 
readily. 

5. Two sugars containing seven carbon atoms, alpha glucohep- 
tose and alpha glucoheptulose, were not fermented by any of the 
organisms tested. Glucosamine was used by most of the cultures 
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which utilized glucose, though in some instances apparently with 
more difficulty. Gluconic acid was used by many of the bacteria. 
A sulphur-containing sugar, glucose ethyl mercaptal, gave entirely 
negative results. 
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Variation in colony form has been mentioned in several of the 
studies of the Sonne type of Bacterium dysenteriae. In his origi- 
nal publication Sonne (1915) pointed out that colony variants 
were encountered more frequently among his ‘‘type III’”’ cultures 
than in those of other dysentery bacilli. Thjétta (1919) also 
noted this variation in his study of similar cultures isolated in 
Norway and Thj¢tta and Waaler (1932) have reported that both 
S and R colonies may be obtained on first culture from the stool. 
@Mrskov and Larsen (1925) described four colony variants, two 
of which possessed biochemical properties different from the 
original culture. More recently the Sonne type was used by 
Koser and Styron (1930) in a systematic study of the influence 
of environment in the production of variant colonies. 

The work to be reported here was undertaken as a further study 
on the effects of environmental influence in promoting variation. 
It was hoped that continued study along this line might afford 
some insight into the underlying factors responsible for those 
changes which so often seem to be a matter of chance. Also, it 
was thought that any means which might be found for regularly 
and quickly producing variant colonies would be a distinct aid 
in the further study of these changes. 

In the first part of the work, the effect of different concentra- 
tions of the ingredients of ordinary nutrient broth was studied. 
In later work other conditions of growth were tried: casein- 
digest medium, different concentrations of tryptophane in nutrient 
broth, a meat medium and, in contrast to this, several synthetic 
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media in which the organism grew with difficulty. The effect 
of filtrates of homologous and heterologous strains and the effect 
of both agglutinating serum and normal rabbit serum were 
also tried. 


METHODS 


Smooth cultures were employed for the most part. Each labo- 
ratory culture used for these experiments was carried through at 
least ten reisolations on agar plates. Without exception, all 
colonies that developed on the tenth transfer were smooth and, 
in many instances, all colonies that appeared throughout the 
entire series of platings were smooth. These smooth isolations 
were then inoculated into the various media. All media were 
adjusted so that a pH 7.0 to 7.2 would be obtained after steriliza- 
tion. In most of the following experiments two strains of the 
Sonne type were used. These were selected as being representa- 
tive of twelve strains previously studied in aging cultures of 
nutrient broth. 

After inoculation of the various media the cultures were allowed 
to age, usually at 37°C., for the purpose of determining the effect 
of such a procedure as contrasted with the more common method 
of serial transplants. At different intervals samples were with- 
drawn and streaked over the surface of agar plates so that well 
isolated colonies were obtained. Before the samples were taken 
the tubes were thoroughly agitated so that a fair sample might be 
obtained. After twenty-four hours’ incubation at 37°C., the 
colony growth on these plates was studied with a binocular 
microscope (X30 magnification). One hundred colonies were 
counted whenever possible and the results recorded in percentage 
of each type of colony. It should be emphasized here that what- 
ever the liquid medium in which the organisms were grown, 
ordinary nutrient agar was always used for plating. 

The variations in colony form encountered throughout this 
work were similar for the most part to those previously described 
by Arkwright (1921) for the colon-typhoid-dysentery group. 
The smooth, intermediate and rough forms of Bact. dysenteriae 
Sonne have been described by Koser and Styron (1930) and no 
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additional description is needed here. In addition to these forms, 
two strains of ‘small colony”’ variants, similar in many respects 
to the G forms reported by Hadley (1931), were found. 


Effect of different concentrations of peptone and beef extract upon 
dissociation 


Koser and Styron (1930) reported that when a culture of Bact. 
dysenteriae Sonne was grown in different concentrations of pep- 
tone, the greatest departure from the smooth type occurred in 
the 5 per cent peptone solution. A concentration of 20 per cent 
was much less effective in stimulating change and in 0.5 and 1 per 
cent peptone there was little variation from the S form even after 
prolonged incubation. De Kruif (1922), however, found that in 
high concentration of peptone (20 per cent), ‘“‘mutation”’ of the 
bacillus of rabbit septicemia was rapid and colony variants might 
constitute 90 per cent of the total within five to six days. 

The first experiment was planned to show the effect of different 
concentrations of both peptone and beef-extract together upon 
the production of variant colonies. The following concentra- 
tions were inoculated with the S colony form of Sonne 268 and 269 


PEPTONE (BACTO BEEF EXTRACT CONCENTRATION 
(SWIFT) 
per cent per cent 
0.3 0.1 } that of nutrient broth 
1.0 0.3 Ordinary nutrient broth 
3.0 0.9 3 times that of nutrient broth 
5.0 1.5 5 times that of nutrient broth 
10.0 3.0 10 times that of nutrient broth 


Variant colony forms were noted on plates prepared from aging 
cultures in all of the above media, although changes from the 
smooth form occurredirather slowly. Usually several weeks 
elapsed before the changes had progressed beyond the Sr stage.! 
With further aging of the culture small proportions (5 to 15 per 
cent) of sR colonies appeared and finally true R forms. At times 

1 Throughout this paper Sr signifies intermediate forms closely resembling 


true smooth forms while sR designates intermediate forms more closely resem- 
bling rough forms. 
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the R type comprised 80 to 90 per cent of the colonies which 
appeared after several months of aging. 


Effect of different concentrations of sodium chloride in nutrient broth 


Tubes containing 0.5, 2.0 and 5.0 per cent concentrations of 
salt in nutrient broth were inoculated with Sonne 268 5 and 
269 S. These cultures were incubated at 37°C., allowed to age 
and plated as in the preceding experiment. Variation in colony 
form seemed to be slightly more noticeable after growth in the 
0.5 per cent concentration of salt than in the higher concentra- 
tions. However, not even in this concentration did R colonies 
appear and only the sR stage was reached after thirty to forty- 
two days’ incubation in the 0.5 per cent salt. In some cases the 
sR colonies were produced in 2 per cent salt but apparently 
reverted to the Sr colony form or disappeared upon continued 
incubation. The higher concentration of the salt (5 per cent) 
killed the organisms after a month of incubation. 

When the medium was first inoculated with the S colony form, 
the organisms grew in the form of flocculent sediment in the 2 
and 5 per cent concentrations of the salt while the rest of the 
medium was perfectly clear. There was also a surface growth 
which settled to the bottom when disturbed. In these concen- 
trations of the salt, the growth appeared similar to that produced 
when an R colony form was inoculated into nutrient broth. 
When agar plates were streaked from these media, however, the 
colonies which developed were not the R type but were S and Sr 
colony forms. 

Effect of growth in various media 

Beef heart medium. Tubes containing 10 ec. of beef-heart 
medium were inoculated with the S form of Sonne 268 and 269. 
These cultures were grown and examined in the usual manner. 
This experiment was performed twice. On each occasion there 
appeared to be very little difference between the effect of this 
“rich” medium and the effect of ordinary nutrient broth upon 
the change in colony forms. A small percentage (10 to 20) of 
sR colonies were observed after the cultures had aged in the beef- 
heart medium for thirty-five days; no rough colonies were seen 
at any time during the experiments. 
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Synthetic media. Several combinations were prepared so that 
each medium contained 0.05 per cent dipotassium phosphate and 
0.05 per cent magnesium sulfate. To one portion of this mixture 
0.3 per cent aspartic acid was added; to other portions either 
0.3 per cent asparagin, 0.3 per cent asparagin plus 3 per cent 
glycerol, 0.3 per cent ammonium succinate or 0.3 per cent glyco- 
coll was added. The media were adjusted to a pH 7.0. Each 
medium was perfectly clear after being sterilized in the autoclave. 
Test tubes containing 8 cc. of each medium were inoculated with 
the same two strains of the Sonne type which had been used in 
the previous experiments. 

Growth in these synthetic media was not accompanied by any 
unusual production of rough colonies or other variant forms. 
Throughout the period of incubation for thirty-eight days chiefly 
S and Sr colony forms were seen. Only in the medium contain- 
ing asparagin plus glycerol was there a tendency for the Sonne 
strains to become rough. In this medium 20 per cent sR colony 
forms were observed after the cultures had been incubated for 
thirty-eight days. Thus, media which supplied only limited 
kinds of foodstuffs exerted no more effect than nutrient broth 
in promoting the S to R colony changes. 

Casein-digest media. Casein-digest medium was prepared by 
the method of Kulp and Rettger (1924) in which a sodium bicar- 
bonate solution of casein is digested by trypsin. Also, a “‘trypto- 
phane” broth was prepared by making a 1 per cent solution of 
commercial dehydrated casein digest powder.2- Both media were 
then inoculated with the S colony forms of the Sonne strains and 
allowed to age at 37°C. Table 1 shows that changes in colony 
form and eventual production of R colonies were more pronounced 
under these conditions than in any of those previously studied. 
This experiment was repeated, using several different strains of 
the Sonne type, with practically the same results. 

In still another experiment with 2 per cent casein-digest 
medium, colonies of the G type (Hadley 1931) were found after 
thirty days’ incubation at 37°C. This culture was apparently 
sterile when spread on agar plates after two weeks, but after 


? Prepared by Digestive Ferments Company. 
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thirty days’ incubation, when several loopfuls of this apparently 
sterile culture were streaked over nutrient agar plates, G colonies 
appeared in twenty-four hours. These plates seemed sterile 
when studied with the naked eye, but upon examination with 
the binocular microscope numerous tiny colonies could be seen 
along the line of streak. 
TABLE 1 
Showing the types of colonies developing on agar plates when streaked from aging 


cultures in casein-digest medium and commercial ‘‘tryptophane’’ broth 


TRYPTOPHANE BROTH CASEIN-DIGEST MEDIUM 


DAYS 





INCUBATED Sonne 268 8 Sonne 269 S Sonne 268 Ss Sonne 269 8 
1 100% S 100% S$ | 100% 8 | 100% 8 
7 25% 8 10% S 30% S 45% S 

75% Sr 9% Sr | 70% Sr 55% Sr 
17 25% S | 10% S 30% S 10% S 
75% Sr 85% Sr 70% Sr | 90% Sr 
5% sR | 
24 10% 8 90% Sr 40% Sr 35% Sr 
90% Sr 10% sR 20% sR 35% sR 
40% R 30% R 
31 100% Sr 85% Sr | 20% Sr 30% Sr 
10% sR 20% sR 20% sR 
5% R 60% R 50% R 
40 100% Sr 15% Sr 
10% sR 
75% R 


Nutrient broth containing pure tryptophane. In the above 
experiments it was thought that perhaps the presence of an 
increased amount of the amino acid, tryptophane, was responsible 
for the greater production of colony variants. Different concen- 
trations of pure tryptophane were made in 1 per cent peptone 
water and adjusted to pH 7.0. The following concentrations 
of tryptophane were used: 0.05, 0.1, 0.3, 0.5, 0.8 and 1 per cent. 
These tryptophane-containing tubes were then inoculated with 
the smooth colony form of Sonne 268 and 269 and allowed to 
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age at 37°C. The amount of colony variation in these media 
was not markedly different from that observed in nutrient broth 
alone. Only a very small number of sR colony forms was ob- 
served. No rough forms were noted on any of the plates streaked 
from cultures aged for forty days, whereas 60 to 90 per cent rough 
colonies were produced when Sonne 268 S was aged in casein- 
digest medium for forty days. Evidently the tryptophane itself 
had very little effect in the production of the greater amount of 
variation previously found in the casein-digest medium or the 
commercial “tryptophane’”’ broth. 


Effect of metabolic products in causing variation of colony form 

It was observed in previous experiments that the 8 to R changes 
in colony form were enhanced by cultivation in a casein-digest 
medium. If the formation of variant colonies is due to the accu- 
mulation of metabolic products in such a medium, then an 
homologous filtrate of a culture showing decided variation in 
colony forms should further enhance this 8 to R change. It 
might also provide an easy means of obtaining R or other variants 
when these forms are desired for experimental study. 

Filtrates were prepared in the following manner: Sonne strains 
268 S, 269 S, 268 R and 269 R were each inoculated into differ- 
ent large test tubes containing 30 cc. of the casein-digest medium. 
These were incubated at 37°C. for ten days. Samples were then 
withdrawn from each of the tubes and plated on nutrient agar. 
The proportion of different colony types found on the agar 
plates was: 


268 S, 10 percent S and 90 per cent Sr 
269 S, 10 percent S and 90 per cent Sr 
268 R, 20 per cent sR and 80 per cent R 
269 R, 10 per cent sR and 90 per cent R 


These cultures were then filtered through Seitz-Werke filters 
with a single filter pad at 5 inches vacuum until about 25 cc. of 
the medium had passed through the filter. The filtrates were 
tested for sterility by incubation at 37°C. and by inoculation of 
nutrient broth tubes. After testing for sterility, each filtrate was 
inoculated with its homologous strain and incubated at 37°C. 
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By aging a smooth colony form in its homologous filtrate, 20 to 
25 per cent R colony forms were obtained in fourteen days. 
At this time no smooth colonies could be seen. The remain- 
ing colonies were intermediate between smooth and rough in 
appearance. In contrast to this, it was interesting to see that 
a filtrate prepared from a ten-day growth of the rough form in 
this casein-digest medium did not enhance the S to R changes 
when an § culture was inoculated into it. 


Effect of immune rabbit serum upon change in colony form 


A number of workers have reported that homologous immune 
serum in nutrient broth stimulates the production of colony 
variants. Griffith (1923) was able to produce R colony forms of 
pneumococci by growth of an § culture in homologous immune 
serum. Dulaney (1928) readily produced S to R variation of 
Bact. coli-communis by cultivation of the S form in homologous 
immune serum. She was able to produce 8 colony forms by 
cultivation of R forms in homologous R immune serum. Soule 
(1928), in his work with B. subtilis, found that when R and S$ 
forms of cultures were placed in the S immune serum, no change 
occurred in R but the 8 culture produced 80 per cent R colony 
forms at the end of twenty-four hours. He also found that the 
use of 10 per cent immune serum in broth was just as effective 
as any higher concentration. Larkum (1928) reported that 
growth of R types of Bact. typhosum in 8 immune serum resulted 
in the production of S colony forms and that the tendency of S 
types to dissociate to R forms was inhibited by such serum. 
Nungester (1929) obtained R types of B. antracis by aging the S 
colony form in normal serum (10 per cent) but similar results were 
obtained by aging in plain broth. 

The following experiments were performed to test the effect 
of immune serum upon the organisms used in this study. Four 
rabbits were used to prepare agglutinating sera with the S and R 
forms of cultures 268 and 269. The rabbits were injected twice 
weekly for three weeks; first, subcutaneously with heat-killed 
organisms and, finally, intravenously with the living organisms. 
One cubic centimeter amounts of a saline suspension were injected 
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ach time. The rabbit inoculated with the 268 R culture showed 
a titer of only 1:10 while rather high titers were produced in the 
other 3 rabbits. A titer of 1: 1280 was obtained from each of the 
268 S and 269 Sjstrains. ,The 269 R colony form produced a 
titer of 1:640. These animals were bled by cardiac puncture 
and the serum collected aseptically. Each sterile agglutinating 
serum was added to a tube of nutrient broth so that a 10 per cent 
concentration of the serum was obtained in 5 ce. of broth. The 
tubes were then incubated and tested for sterility before being 
inoculated with the different strains of Sonne types. Nutrient 
broth tubes containing 10 per cent normal rabbit serum were 
used for controls. 

It was found that the 8 type when inoculated into 10 per cent 
homologous agglutinating serum did not show any marked tend- 
ency to change to the R colony form throughout a period of 
seventy-four days. Indeed there seemed to be less tendency to 
produce variant colonies in the presence of the serum. There was 
very little difference between the effect of homologous, non- 
homologous and normal rabbit serum upon variation in colony 
form. In some further work, it was found that R types were not 
reverted to S types by cultivation in either homologous R serum, 
non-homologous R serum or normal rabbit serum. 


MISCELLANEOUS OBSERVATIONS 


Secondary colonies. Colonies showing the peculiar secondary 
growth described by many workers as ‘daughter colonies’’ were 
observed many times during the different experiments, especially 
when agar plates were allowed to stand for a time at room tem- 
perature. These daughter colonies seemed to develop chiefly 
in the smooth and the intermediate colony forms. Daughter 
colonies were never observed to develop in the rough colony form. 
Figure 1 shows that usually the daughter colonies were scattered 
throughout the old colony. 

Erosive phenomenon. In attempting to obtain “G”’ colony 
forms by aging cultures in 1 per cent casein-digest medium, an 
unusual colony form was obtained from one of the Sonne strains 
as shown in figure 2. These colonies were observed on a nutrient 
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agar plate streaked from a casein-digest culture after it had 
incubated for seven days at 37°C. Some of the colonies appearing 
on the plate were as large as the usual smooth colony but had a 
decided depression in the center. The diameter of this area 
increased slowly upon continued incubation, as though the central 





Fics. 1 to 4 

ria. 1. Daughter colonies of strain 2053 (magnification X 10). 

Fic. 2. Colony obtained from strain 2053 showing central “‘lysis.’”? The lens 
was focused on the lysed area (magnification 100). 

Fic. 3. Colony obtained from strain 2053 showing secondary growth in “‘lysed”’ 
area (magnification * 200). 

Fia. 4. The G colony form of strain 2053 and a section of a normal smooth 
colony (magnification X 100). 


portion were being gradually digested. If an agar plate was 
streaked with cells from the center of the “lysed area,’’ colonies 
grew in twenty-four hours which were rather flat and spreading 
with a clear watery periphery. If an agar plate was streaked 
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with some of the cells from the edge of the “lysed area,” typical 
smooth colonies developed in twenty-four hours. When a por- 
tion of the “lysed area’’ was mounted on a slide and stained by 
Gram’s method it was observed that most of the cells were only 
lightly stained and appeared to be disintegrating, though a few 
presented the normal deep pink appearance. Secondary growth 
as shown in figure 3 sometimes developed in the digested area of 
the old colony. When this secondary growth was transplanted 
to a nutrient agar plate, typical smocth colonies developed in 
twenty-four hours. 

Preisz (1904) observed this gradual disintegration of an old 
colony while studying the anthrax bacillus. He described the 
reaction as an “erosive phenomenon.” Hadley (1924) has also 
made similar observations while studying transmissible lysis in 
B. pyocyaneus. 


A study of the filtrates of cultures of Bact. dysenteriae, Sonne 


In connection with the experiments mentioned in the foregoing 
sections a number of filtrations were made. This was done with 
the view that, if a filtrable stage does exist, the possibility of 
demonstrating it might be greater at a time when the culture is 
undergoing those changes which give rise to differences in colony 
form and cell morphology. A number of cultures in various 
liquid media were allowed to age until they showed evidence of 
change in colony form when spread over agar plates. They were 
then filtered. In other cases, instead of using cultures at the 
time when colony variants first appeared, filtrations were made 
with several-months old cultures which had shown some variation 
in colony form for a considerable time. 


Method 


Seitz-Werke and Berkefeld filters were used in all the experi- 
ments. The Berkefeld filters were first tested by the use of 
a twenty-four-hour growth of Chromobacterium prodigiosum. 
Great care was taken to eliminate any possible contamination 
during the process of filtration and subculturing of the filtrate. 
The filtrates were studied by subculturing 1 cc. amounts in dif- 
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ferent liquid media and by allowing 10 ce. amounts of the filtrate 
to incubate at room temperature for a number of days. Some 
of the filtrates were cultured by serial transplanting on lactose 
agar as described by Hauduroy (1927). In some cases 1 cc. of the 
filtrate was flooded over an agar plate and incubated at 37°C. 
for several days. Before discarding any of the filtrates or sub- 
cultures of the filtrates in which there was apparently no growth, 
samples were withdrawn and again subcultured in nutrient broth 
and on agar plates. All agar plates were examined under the 
binocular microscope for growth. 

Table 2 gives the tabulated results of these experiments. 
Twenty-nine filtrates were examined and all of them were appar- 
ently sterile. There was no evidence of gradual development 
from a presumably filtrable stage to the usual form when filtrates 
were subcultured in media most favorable for growth of the labo- 
ratory strains used. 


SUMMARY 


A study was made of some of the factors promoting dissociation 
of Bact. dysenteriae Sonne when grown in various liquid media. 

Variant colony forms were obtained by growing the organisms 
in different concentrations of peptone and beef extract. The 
concentrations containing 3 and 5 times the amount of peptone 
and beef extract in nutrient broth promoted the 8 to R changes, 
though true R forms appeared only after the cultures had aged 
from forty-two to ninety days at 37°C. Changes in colony form 
were less marked in the other concentrations. 

Different concentrations of sodium chloride in nutrient broth 
did not enhance dissociation. Variant colony forms were not 
produced in a “rich” medium (beef heart) or in a “poor’’ medium 
(synthetic) to any greater extent than in ordinary nutrient broth. 

Smooth cultures when inoculated into 10 per cent homologous 
agglutinating serum did not show any marked tendency to change 
to the rough colony form, even after being incubated at room 
temperature for seventy-four days. There was no difference 
between the effect of homologous, non-homologous and normal 
rabbit serum. 
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Daughter colonies were often noted when studying colonies 
aged from seven to fourteen days on nutrient agar plates. 

The G colony form as produced by Bact. dysenteriae Sonne is 
apparently a rare colony form. It was observed only twice out 
of 48 cultures studied and these small colony forms were obtained 
only after plating out old cultures. 

The erosive phenomenon of Preisz was observed with one strain. 

A filtrable form of Bact. dysenteriae Sonne could not be demon- 
strated by the filtration of cultures in which variation was taking 
place, as shown by the formation of different forms of colonies 
on agar plates. Berkefeld N, W and Seitz filters were used. 
Filtrates were subcultured in various media and Hauduroy’s 
technic of serial transfer on lactose agar plates was also used. 
All subcultures were negative and no evidence could be found of 
a gradual development or ‘“‘growing out” of a filtrable form. 


REFERENCES 
Arkwricnut, J. A. 1921 Jour. Path. and Bact., 24, 36 
De Kruir, P. 1922 Jour. Exper. Med., 36, 561. 
DuLaneEy, ANNA 1928 Jour. Infect. Dis., 42, 575. 
GrirritH, F. 1923 Rep. Pub. Health and Med. Subj., 18, 1 
Hap.ey, Puitip 1924 Jour. Infect. Dis., 34, 260 
Hap ey, P., Detves, E., anp Kurmek, J. 1931 Jour. Infect. Dis., 48, 1 
Havupuroy, P., anp Lespre, P. 1927 Compt. Rend. Soc. Biol., 97, 1392 
Koser, 8. A., anD Styron, Norma 1930 Jour. Infect. Dis., 47, 453 
Kup, W. L., anv Retrcer, L. F. 1924 Jour. Bact., 9, 357 
Larxum, N. W. 1928 Amer. Jour. Pub. Health., 18, 647 
Nuncester, W. J. 1929 Jour. Infect. Dis., 44, 73 
Orskov, J., AND LarRseEN, A. 1925 Jour. Bact., 10, 473 
Preisz, H. 1904 Centralbl. f. Bakteriol., 36, 280. 
Sonne, C. 1915 Centralbl. f. Bakteriol., I, Orig., 76, 408 
Soute, M.H. 1928 Jour. Infect. Dis., 42, 93. 
TugtTa, Tu. 1919 Jour. Bact., 4, 355. 
Tuu¢tra, T., AND WaAter, E. 1932 Jour. Bact., 24, 301 























A STUDY OF VARIATION IN HEMOLYTIC STREPTO- 
COCCI FROM SCARLET FEVER AND 
ERYSIPELAS 


PRELIMINARY REPORT 
SOPHIE SPICER 


AssisTeD By MARY F. GONSHOREK anv EMILY L. SPICER 
Bureau of Laboratories, Department of Health, New York City 


Received for publication, February 9, 1933 


The present investigation is concerned with the morphological, 
cultural, biochemical and immunological phases in the dissocia- 
tive processes, both spontaneous and induced, of seven strains of 
hemolytic streptococci from scarlet fever and erysipelas cases. 
These strains are stock strains of known types that have been 
worked with before and of known physiological and serological 
characteristics (Williams and Gurley, 1927). They are type 
strains, representative of four of our scarlet fever groups and 
three of our erysipelas groups, into which most of our strains fall 
by the agglutinin absorption reaction. For the sake of clarity 
the strains will be referred to as the types which they represent. 
These are: type I, type sub I, type III and type IV of scarlet 
fever; and type I, type II and type sub II of erysipelas. 

Of the seven strains under study, four yielded spontaneous 
dissociation (two of scarlet fever and two of erysipelas), while 
from the remaining three strains, variants were obtained by 
induced dissociation (two of scarlet fever and one of erysipelas). 


SPONTANEOUS DISSOCIATION 


The initial stimulus for undertaking this work was the peculiar 
behavior of one of our most important type strains of scarlet fever, 
that of type sub I, the group into which most of our scarlet fever 
strains fall. This strain, isolated many years ago, apparently 
remained stable until about two years ago when it began showing 
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irregularities in both cultural and serological characteristics. 
Self-agglutination alternating with inagglutinability, as well as 
irregularities in agglutinin absorption reaction, were most per- 
plexing. Simultaneously with these changes a peculiar-looking 
colony made its appearance on the blood agar plate. While 
the original culture presented the regular, smooth type char- 
acteristic of our scarlet fever strains, the new type colony was 
somewhat coarser in texture, darker in color, very irregular in 
outline and of uneven surface. It was noticed that when plates 
containing irregular colonies were left at room temperature for 
several days, secondary growth appeared in the form of a flat, 
light, ribbon-like band surrounding the irregular border of the 
colony. This outgrowth was smoother than the general structure 
of the colony. A few colonies presented darker and somewhat 
coarser areas within this light outgrowth. When the light, 
smooth border was touched with a fishing needle and streaked 
on a blood agar plate, a mixture of smooth and irregular colonies 
followed; but when the darker and coarser portion was fished, a 
mixture of smooth, irregular colonies and a few colonies of a 
new type, was the result. This new colony was of a more regular 
outline and contour, darker and much coarser than the irregular 
colonies in texture. On persistent fishing, three types of colonies 
were thus obtained and designated as smooth, coarse and ir- 
regular, the first two of which are still stable. 

The other scarlet fever strain which manifested spontaneous 
variation was that of type IV. This strain which originally 
appeared as a typical smooth scarlatinal type suddenly began 
to show a ‘‘tendency to splitting.’’ By this I mean that some 
of the colonies on the blood agar plate presented portions in 
shape of quadrants or sectors of a structure slightly more granular 
and somewhat darker than the rest of the colony. On continuous 
fishing, an entire colony of the new structure was obtained, and 
designated as the coarse variant, to differentiate it from the 
original, although the difference in structure is so slight that it 
takes a trained eye to differentiate the two. The antigenic 
change which accompanied this slight morphological change, 
however, was profound, as it will be shown later. 
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The erysipelas strains that gave spontaneous dissociation are 
type II and type sub II. Type II when first isolated gave the 
colony morphology supposed to be typical of erysipelas strains. 
It apparently remained in a pure state until about a year ago 
when a change was noticed. The “normally” coarsely granular, 
slightly convex colony presented loops of chains of large cocci 
“sprouting” from one or more points on the smooth periphery of 
the colony. The colony gave the appearance of bursting, with 
bunches of long chains of cocci escaping from the open points. 
When this chained portion was touched with a fishing needle and 
streaked on a blood agar plate, it gave after twenty-four hours’ 
incubation, a typical rough, flat, large colony of an irregular 
outline and a large zone of hemolysis. 

The last strain that gave spontaneous dissociation was that of 
type sub II erysipelas. Shortly after isolation, irregularities in 
serological reactions, simultaneously with cultural changes began 
to manifest themselves. Two distinct types of colonies appeared 
on the plate. Besides the original granular colony, a coarser, 
more translucent colony was found. It became coarser with 
every transplant. At the present time it appears almost rough. 
Recently, a new type of colony made its appearance on the plate 
of the coarse strain. This colony designated as the ‘ringed 
colony” resembles the coarse colony in its texture but presents a 
flat border slightly lighter and more translucent than the center. 
It gives the appearance of being discontinuous with the central 
portion of the colony. When fished a mixture of coarse and 
ringed colonies results. This ringed colony often disappears 
giving place to a pure coarse, and then reappears, only to last 
for a few generations when it again is replaced by the pure coarse 
variant. 


ENFORCED DISSOCIATION 


Of the many inciting reagents and factors tried for dissociation, 
“aging” proved to be the most successful. Growing the strains 
in large volumes of 0.2 per cent of phosphate broth for four weeks 
at incubator temperature yielded in each case a number of differ- 
ent types of colonies. Due to lack of time it was impossible to 
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handle each of the variants. The smoothest and roughest of each 
were therefore aimed at and were isolated, except in 1 case, that 
of type III scarlet fever, in which all of the different types of 
colonies, fourteen in number, obtained from the four-week-old 
culture, were isolated. 

Induced variation was thus applied to three type strains. 
Type I scarlet fever yielded a large, flat, translucent, rough colony. 
Type III scarlet fever strain gave as many as fourteen types of 
colonies each one of which was isolated and carried for several 
generations when they “reverted’’ to the original smooth type. 
Five of these were stable for a long enough time to be passed 
through the agglutinin absorption test. 

Type I erysipelas on ‘‘aging’’ gave besides the original and a 
number of intermediates, a very coarse colony. It appeared on 
the blood agar plate as a flat colony lighter and thinner in the 
center and having a darker and thicker ring around the periph- 
ery. After forty-eight hours’ incubation, or after a few days 
at room temperature following twenty-four hours’ incubation, 
the colonies appeared to be studded with tiny dark daughter 
colonies around the periphery, reminding one of the Kndépfe 
referred to by the German investigators. After being kept in the 
ice-box for a few weeks it was noticed that very tiny, dark, rough 
irregular colonies appeared in the vicinity of the original colonies. 
It was later found that these tiny colonies developed only at ice- 
box temperature and when fished did not yield any growth. 


STABILITY OF VARIANTS 


It is imperative, in the thorough study of the changes due to 
variation, that the variants show a reasonable degree of stability. 
An attempt was therefore made to find a medium on which the 
strains would remain stable, at least for a long enough time to 
pass them through the necessary tests. So far, no one kind of 
medium has proved to be equally suitable for all. Type II 
erysipelas, for example, does not grow longer than six to eight 
hours in liquid media, in a pure state. After this short time of 
incubation “‘reversion’’ sets in, until in about from twenty-four 
to forty-eight hours very few “roughs’” remain. It does, how- 
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ever, remain stable when streaked from a single colony on a thin 
blood agar plate. At the present time it has reached the 168th 
generation by daily transplants on this medium. Type sub II 
erysipelas strain, on the other hand, becomes rougher with time 
of incubation in broth cultures, and it is very difficult to keep it 
stable on solid media. 

It was also found that changes in colony morphology of the 
variants occur when injected into animals, but not to the same 
extent however, in each case. Thus, the rough variant of type 
II erysipelas in early generations when injected intraperitoneally 
into mice gave the following results: six hours after injection 
revealed pure “‘roughs;”’ at the end of twenty-four hours there 
was about 50 per cent ‘“‘reversion”’ to the smooth; and at the end 
of forty-eight hours, reversion reached from 85 to 92 per cent. 
When the above experiments were repeated with generation 117 
of the same strain there was no change at the end of six hours 
and only about 1 per cent reversion in twenty-four hours, indicat- 
ing an increase in stability. 

Characteristic features found common to all variants are as 
follows: 

1. Sedimentation in broth cultures and saline suspensions were 
always greatest in the roughest cultures and the rapidity with 
which the cells settled to the bottom of the tube on standing or on 
centrifuging varied in each case directly with the degree of 
coarseness or roughness. 

2. The size of the cocci and the length of the chains invariably 
ran parallel with the degree of roughness. The smooth colony 
consisted of small cocci and very short chains, while the rougher 
the colony the larger were the cocci and the longer the chains. 

3. The rough variants always had to be used in larger absorbing 
doses than the smooth, in the agglutinin absorption tests. Krum- 
wiede and his co-workers (1925) found the same to be true for 
the strains they worked with,—those of the typhoid-paratyphoid 
group. They ascribed this to a diminished absorbing power on 
the part of the rough variants. It is my belief that this is due 
chiefly, if not entirely, to the fact that the larger cells on packing 
produce a greater bulk, due to the larger interspaces in the 
packed mass. 
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4. The agglutinogenic changes, when occurring in a strain on 
variation, gradually subside, as shown on repetition of absorption 
tests at later dates; the “‘reversion’’ of the colony from the rough 
to the smooth form taking place much faster. Thus for example, 
in the case of type I scarlet fever, the ‘“‘R’’ type at the present 
time shows no difference in colony morphology from the smooth. 
The altered antigenic character which it assumed on dissociation 
about two years ago nevertheless still exists, although to a 
lesser extent. A loss of a small antigenic fraction still manifests 
itself in the absorption reaction. 

5. It may also be said in general about each strain, except that 
of type II erysipelas, that when a change occurred it was always 
gradual. In the case of spontaneous variation, the new type 
colony had to be carried daily from plate to plate and only by 
selective fishing, for many transplants, did it reach its maximum 
coarseness or roughness. When variation was enforced, the blood 
plate streaked from the old broth culture showed numerous 
stages and degrees of roughness. On “‘reversion,’’ the same order 
of affairs took place. 


RESULTS OF THE AGGLUTININ ABSORPTION TESTS 

To avoid changes which the variants undergo when injected 
into animals, killed, formalinized vaccines were used for immune 
serum production instead of the live vaccines which, of course, 
are considered more desirable. 

All of the variants gave good agglutinating serums, except the 
rough variant of type II erysipelas. Many attempts were made 
to produce a suitable serum from this strain by using vaccines 
prepared in different ways, but without avail, as only a low-grade 
serum was obtained, hardly suitable for the test. 

The rapid, slide agglutination method (Spicer, 1931) was used 
in the tests and no difficulty was encountered in obtaining good 
antigens from all strains. 

The results of the agglutinin absorption tests are as follows: 

Type I scarlet fever (table 1)' and types I and II erysipelas 


1 Due to the limited space only a few tables are given, representative of the 
types of absorption reaction. 
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each lost a larger or smaller antigenic fraction on dissociation as 
shown by the reciprocal agglutinin absorption reaction. 

Type sub I scarlet fever variants, both smooth and coarse 
showed a gain in antigenic properties (tables 2 and 3). 

Type sub II erysipelas did not show any appreciable antigenic 
change on dissociation as the variants and the original strains 
practically absorbed agglutinins from one another’s serums. 


TABLE 1 
Reciprocal agglutinin absorption of t ype I scarlet fever and type I scarlet fever “‘R”’ 


variant 


SERUM DILUTIONS 





ANTI-SERUM ABSORBING STRAIN AGGLUTINATING - 
STRAIN 1:20 | 1:40 | 1:80 | 1: 160) 1:320) 1:640) 1:1280 
Type I scarlet Type I scar- | + | +] +/+ / +1) a x 
fever let fever 
Type I scar- +} +] 21) +| x 


let fever, 
| rough vari- 


ant 
Type I scarlet | Type I scar-| +} +/+/)+/]2+1) +) x 
fever, rough let fever, 
variant rough vari- | 


ant 


Type I scar- | ae ta tow lata l « 
let fever 


+, complete agglutination; +1, almost complete agglutination; +, partial 
agglutination; x, trace; — absence of agglutination. 


Agglutinating serums of the fourteen variants of type III 
scarlet fever strain were not made for obvious reasons. Cross 
absorption tests could therefore not be done. Five of the variants 
were tried with the serum of the homologous smooth strain and 
they absorbed. 

Type IV scarlet fever has always given evidence of dissociation. 
When first isolated, its members cross-absorbed with strains of 
group I erysipelas. Later on, the antigenic relationship between 
the two groups was gradually lost, and for a time no absorption 











512 SOPHIE SPICER 


TABLE 2 


Reciprocal agglutinin absorption of type I scarlet fever and type sub I scarlet fever 
original strains 


SERUM DILUTIONS 








ANTI-SERUM ABSORBING STRAIN AGGLUTINATING A ne aennes - 
| STRAIN | 1:20 | 1:40 } 1:80 | 1: 160) 1:320)1:640) 1:1280 
Type I scarlet | | Type I scar- | +| + + | + | +1) + 
fever let fever | Se ee oo oe 
Type sub I b+ ]+/)4+4]4+ | 414] x 
scarlet fev- | 
er, original | | | 
| | *** ** “ee 
Type sub I Type sub I| +/ +/+ ]+4/ 41) + x 
scarlet fev- | scarlet fev- | 
er, original er, original | 


Type I scar- -j-|- 
let fever 


TABLE 3 
Reciprocal agglutinin absorption of type I scarlet fever and type sub I scarlet fever 
“‘S”’ variant 


SERUM DILUTIONS 


ANTI-8E RUM ABSORBING STRAIN AGGLUTINATING 7.2 —[E EEE perma 
STRAIN 1:20 | 1:40 | 1:80 ; 1: 160) 1:320) 1:640) 1:1280 
Type I scarlet Type I sear- | + | +] + i+} +f] +1) + 
fever let fever | 
papers mamens i 4 82 75 PY Pa 
Type sub I +i titi+ti 2+] x 


scarlet fev- 
er, smooth | 
variant 





Type sub I | Type sub I} +/ +/+ ]+] +1) + | x 
scarlet fev- | | searlet fev- | | | | 
er, smooth | er, smooth | | | 
variant variant | 

Type I scar- +1| +}/x/-|- | _ | _ 
let fever 





was evident. On spontaneous dissociation, noted about two 
years ago, the coarse variant lost a small antigenic fraction in 
relation to its smooth or original strain, and it attained a new 
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Reciprocal agglutinin absorption of type I erysipelas and type IV scarlet fever 


ANTI-SERUM ABSORBING STRAIN 


Type I ery- 
sipelas 





| Type IV sear- | 
let 
original 


fever, 


Type IV scar- 
let fever, 
original 

Type I ery- 
sipelas 


original strains 
AGGLUTINATING 
STRAIN 


Type I 


sipelas 


ery- 


Type IV scar- 
let fever, 
original 


TABLE 5 


1:20 


| 


40 


SERUM DILt 


1:80 


| 


160) 1 


TIONS 


320' 1:640 


1 


1280 


Reciprocal agglutinin absorption of type IV scarlet fever original and type IV scarlet 


fever coarse variant 


ANTI-SERUM ABSORBING 8TRAIN 


Type IV scar- 
let fever, 
original 


| Type IV sear- 


let fever, 
coarse va- 
| - 
| riant 


Type IV scar- 


let fever, 
coarse va- 
riant 


Type LV scar- 
let fever, 
original 


AGGLUTINATING 
STRAIN 
Type IV scar- 
let fever, 

original 


Type IV scar- 


let fever, 
coarse va- 
riant 





20 


+ 


1:40 


SERUM DILI 

1:80 | 1:160)1 
— +1 
+ +] 


TIONS 


20 


Ht 


1:640 1:1280 
Xx ~ 
x | x< 
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antigenic relation in regard to that of type I erysipelas. The 
latter strain now absorbs agglutinins from the serum of the coarse 
variant of the last-mentioned scarlet fever type strain, while it 
only reduces the titer in that of the smooth variant (tables 4, 5 
and 6). 

Although a reduction in titer of the serum tested was manifested 
in each case, no definite antigenic relationship was found between 
the variants of the different strains as proved by the reciprocal 


TABLE 6 
Reciprocal agglutinin absorption of type I erysipelas and type IV scarlet fever 
coarse variant 


SERUM DILUTIONS 


ANTI-SERUM ABSORBING STRAIN AGGLUTINATING = - ne - 
| STRAIN 1:20 | 1:40 | 1:80 | 1: 160) 1:320) 1:640) 1: 1280 
Type I ery- | | Type I ery-| +|/+/])+/+]2+] x | x< 
. | . 
sipelas sipelas 
Type IV scar- | +i +i] +] tlli+}]x] - 


let fever, | 
coarse va- | 


riant | 
° | ° | bee 
Type IV scar- | Type IVscar- | + | + | + | +} +] +1) + 
let fever, | | let fever, | 
coarse va- | | coarse va- | 
riant | riant 
Type I ery- zsij-|}-|-|-|]-] - 
sipelas 


agglutinin absorption tests of the variants with one another, lack 
of absorption having been found in all except 1 case, that between 
the variants of type I and type sub I scarlet fever. The two 
variants seem to be antigenically identical, as shown by the 
reciprocal agglutinin absorption test. 


DISCUSSION 


The only phase of this study that has reached completion is 
that of the determination of antigenic changes taking place as a 
result of variation, and it is only about this part of the problem 
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that anything definite can be stated. The other phases of this 
work—reversion, carbohydrate fermentation, comparative tox- 
icity, virulence and protective power of antiserums prepared from 
both original and variant strains—are but in the early stages of 
investigation and I only venture to express the impressions of the 
results obtained so far. 

As seen from the results of the absorption tests, the colony 
morphology is a poor index of variation in other characteristics. 
A change in colony morphology, though it is to the extreme 
rough form, is not always accompanied by a great change in 
antigenic properties of the organism. On the other hand, a 
slight change in colony morphology may be accompanied by 
profound antigenic changes. Examples of either extreme may 
be seen in the cases of type sub II erysipelas and type IV scarlet 
fever, respectively. In the first instance, the change in the 
colony morphology was from the smooth to the rough (with the 
intermediate ringed), while antigenically it seemed to have 
undergone no change. In the second case, the change in colony 
morphology was so slight that it could have been easily overlooked 
by an untrained eye, or by one who is not “variation conscious.” 
Serologically, however, the change was profound as evidenced by 
the loss of an antigenic fraction of the original strain and a gain 
in a new antigenic relationship to a different strain. 

I have obtained similar results when working with two strains 
of Streptococcus cardioarthritidis (Styron and Spicer, 1932). In 
one of these, the rough and smooth variants completely ab- 
sorbed from one another. That is, antigenically they had not 
changed at all on dissociation, whereas the variants of the other 
strain showed a marked antigenic change. 

The literature on bacterial variation abounds with instances of 
apparent contradictory results by different investigators in 
regard to the determination of comparative behaviour of the 
variants in different species and in the same species. ‘To mention 
only a few instances, and limiting ourselves to the virulence in 
hemolytic streptococci we have the following: Cowan (1922) 
found the smooth variants of hemolytic streptococci to be more 
virulent than the rough types. According to Todd (1928), the 
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“matt,’’ or rough type, possesses greater virulence than the 
“glossy,’’ or smooth, variant. Andrewes’ (1928) findings re- 
garding virulence of variants in hemolytic streptococci were also 
opposite to those of Cowan. Eagles (1928), in his study of two 
strains of hemolytic streptococci, found enhanced virulence in 
the rough variant of one, and lack of virulence in that of the 
other, and concluded that colony appearance is not a reliable 
index of virulence. 

In the light of these apparently conflicting experimental data 
on the phenomenon of bacterial variation, what possible explana- 
tion can be given regarding the eccentricities, to use a term of 
Hadley’s, in bacterial behaviour? I am inclined to believe that 
the acceptance of Enderlein’s (1925) view of bacterial develop- 
ment may be the solution to the problem of the present chaotic 
state of the phenomenon of bacterial variation. 

Enderlein, in his classical work on bacterial cyclogeny, deals 
with cyclic changes in bacterial reproduction, including a sexual 
phase in the cycle. Observations regarding a sexual phase in the 
life cycle of bacteria were made long before Enderlein. Williams, 
as early as 1910, observed in the diphtheria bacillus what she 
termed a primitive sexual process. Enderlein, like Williams 
and a very few others, actually observed the cell phenomena and 
developmental stages, and he correlated the succession of the 
numerous phases in the cycle with the characteristic features and 
morphological and other changes of the bacteria. 

Enderlein conceives two forces in the life cycle of bacteria. 
One is concerned with the progressive development of the cell, 
involving the succession of the numerous phases in the cycle; the 
other takes in the reproduction within one phase only. From 
the former, there result the numerous stages in the life cycle with 
the consequent changes in morphology and in other characteris- 
tics. The latter, determines the so-called stability of an organ- 
ism. The passing from one to the other is dependent on what he 
calls ‘‘Kausale Faktoren” or endogenous factors; and “Kondi- 
tionelle Faktoren” or conditional and environmental factors. 
What we call spontaneous dissociation may be the result of what 
Enderlein considers the endogenous factors. Induced, or en- 
forced dissociation may be due to outside stimuli. 
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To study bacterial variation from the standpoint of colony 
morphology, is to concern oneself with the superficial aspects of 
the dissociative phenomena. Since cell changes may take place 
without obviously influencing the gross appearance of that 
composite of unit elements—the colony,—only a thorough study 
of bacterial cytology may elucidate the still obscure phases of 
bacterial variation. 


I wish to express my thanks and gratitude to Dr. Anna W. 
Williams for her encouragement and kind advice and criticism in 
this work. 
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PLATE 1 


Fig. A. ‘‘Smooth’”’ colonies of type sub I scarlet fever (original strain) ; twenty- 
four hours’ growth at incubator temperature; approximately X 60. 

Fia. B. ‘Irregular’ colony of variant strain of type sub I scarlet fever; twenty- 
four hours’ growth at incubator temperature and five days at room temperature; 
approximately x 60. 

Fia. C. “Coarse’’ variant of type sub I scarlet fever; twenty-four hours’ 
growth at incubator temperature; approximately x 60. 

Fic. D. ‘“‘Smooth’’ colonies of type I erysipelas (original strain); twenty-four 
hours’ growth at incubator temperature; approximately x 60. 

Fig. E. ‘“‘Ringed’”’ variant of type I erysipelas strain; twenty-four hours’ 
growth at incubator temperature; approximately x 60. 

Fig. F. ‘‘Coarse’’ variant of type I erysipelas strain, grown for twenty-four 
hours at incubator temperature, showing secondary colonies which developed at 
ice-box temperature; approximately xX 60. 

Fia. G. ‘‘Smooth’’ colonies of type sub II erysipelas (original strain) ; grown for 
twenty-four hours at incubator temperature; approximately xX 60. 

Fic. H. “Ringed’’ colony of type sub II erysipelas; grown for twenty-four 
hours at incubator temperature; approximately x 60. 

Fig. I. ‘‘Rough’’ variant of type sub II erysipelas; grown for twenty-four hours 
at incubator temperature; approximately xX 60. 

Fig. J. Type II erysipelas (original strain); twenty-four hours’ growth at in- 
cubator temperature, showing splitting into ‘“‘rough;’’ approximately X 70. 

Fig. K. ‘Rough’ variant of type II erysipelas; twenty-four hours’ growth at 
incubator temperature; approximately xX 70. 


(Figures J and K are reproductions from “‘Streptococci in Relation to Men in 
Health And Disease,’’ A. W. Williams, 1932, plate 4.) 
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INTRODUCTION 


Microbic dissociation is now a generally accepted phenomenon, 
but the dissociation of each species not heretofore dissociated is 
of interest as an added bit of evidence. As far as the writer is 
aware, the dissociation of Phytomonas beticola, Phytomonas margi- 
nalis, Phytomonas cannae, and Chromobacterium viscosum has not 
been studied before. It seemed desirable to work, also, with 
some organisms previously dissociated by other workers. 

Very little has been published on dissociation by recent investi- 
gators which has not been considered in the comprehensive review 
of the subject by Hadley (1927). 

For this reason the author limits her review of the literature to 
material taken from Hadley giving the characteristics of normal 
and mutant types of cultures. Only those characteristics 
actually studied by the author are repeated from Hadley’s table. 


Characteristics most commonly associated with ““normal’’ and “‘mutant’’ 
types of cultures 


S. Normal type R. Mutant type 
Homogeneous clouding in broth Agglutinative growth in broth 
Normal suspension in 0.8 per cent salt Sedimentary suspension in 0.8 per cent 
solution salt solution 
Fair, conservative growth on agar Often expansive growth on agar 
Colonies, smooth, regular, convex Colonies rough, irregular, flat 





1 Thesis submitted to the Faculty of the Graduate School of the University of 
Maryland in partial fulfillment of the requirements for the degree of Master of 
Science, 1932. 
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S. Normal type R. Mutant type 
Agar growth soft, opaque Agar growth harder, translucent 
In motile species, active motility In motile species, no motility 
Possessing distinct capsules Noncapsulated 
Biochemically more active Biochemically less active 
If a pathogen—virulent (or toxic) Slightly or non-virulent (non-toxic) 
Cells of ‘‘normal’’ morphology Tendency to long rods and filaments 


HISTORY OF CULTURES 


Nine of the ten cultures were obtained from the School of 
Hygiene and Public Health, Johns Hopkins University, Balti- 
more, and were labelled as Friedlinder’s bacillus, Type B (two 
strains) Gaffkya tetragena, Aerobacter aerogenes (two strains), 
Phytomonas beticola, Phytomonas marginalis, and Phytomonas 
cannae, and Bacillus coli. The tenth culture was one of the stock 
cultures of the University of Maryland, College Park and was 
listed as Chromobacterium viscosum. All ten cultures were 
encapsulated. 


EXPERIMENTAL 
Dissociation experiments 


From Hadley’s review (1927) we find that dissociation of 
encapsulated bacteria has been studied by Wilde, Eisenberg, 
Baerthlein, Toenniessen, Julianelle, and Hadley. Baerthlein, 
(quoted by Hadley) like most of the other investigators, in the 
case of Friedlinder’s pneumobacillus plated out old cultures and 
then kept them at room temperature for weeks. Thus, daughter 
colonies could often be detected within the old colonies. 

Hadley used mass cultures on agar plates only a few days old 
and made transfers from the transulcent wedge-shaped marginal 
invaginations along the edges of the mass, which contained for the 
most part organisms of the R type. Hadley also states that the 
“new” pneumobacillus type may be obtained from a highly 
viscous encapsulated culture by repeated transfers through an 
impoverished broth medium. After sufficient transfers the non- 
capsulated secondary type is present. 

Wreschner (quoted by Hadley) in studying the encapsulated 
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Micrococcus tetragena found that upon cultivation on ordinary 
agar the gray-white, slimy, convex colonies lost their sliminess 
by degrees. By the twelfth transfer capsules had completely 
vanished. At this stage the colonies were pure white, flat, had 
frequently a depression in the center and had lost their viscosity. 

Eisenberg (quoted by Hadley) in the study of the same organ- 
ism, changed the capsulated type to the non-capsulated type by 
one month of cultivation in alkaline peptone water. 

Studies on the dissociation of the pneumococcus have been 
made by innumerable workers. Reimann (1925) dissociated 
Pneumococcus I in homologous immune serum and described his 
S type colonies as flat, thin, smooth, shining, translucent, and 
greenish and his R type colonies as raised, opaque, dull, butyrous, 
and less greenish. 

In the present study the specific S (smooth) and R (rough) 
types are described in detail later on, but it may be said here that 
in general the S type colony is raised, glistening, smooth and moist 
with a regular edge while the R type colony is flat, dull, granular 
or rugose and dry and usually with an irregular edge. The R 
colonies are generally the larger. 

During her early work on this problem the author made no 
attempt to produce dissociation other than by frequent transfers 
in plain nutrient broth pH 7.0 and by aging of the broth cultures 
at incubator, room, and refrigerator temperatures. At frequent 
intervals the cultures were plated out on agar of pH 7.8. Incu- 
bated broth cultures of G. tetragena and A. aerogenes (strain 2) 
produced colonies with R tendencies when plated, and capsules 
were shown upon staining. A week later the same phenomenon 
was observed for these two organisms and for P. marginalis. 
Capsules were still present. The R colonies of G. tetragena had 
become R, bordered with 8, rather than pure R colonies. Plates 
made one week late showed the culture completely smooth 
again. At this time A. aerogenes showed both R and § colonies 
and P. marginalis still produced R-appearing colonies. Capsules 
were still present. After later work, it seems probable that the 
above R-appearing colonies would have become totally R and 
would have remained so had they been transferred to alkaline 
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broth rather than to plain broth of pH 7.0. Here were at least 
signs of spontaneous dissociation. 

Cultures kept for a month in plain broth at room, incubator, 
and refrigerator temperatures, and frequently plated out, still 
produced typically S colonies. 

At this time experiments were begun to produce enforced 
dissociation. Plain nutrient broth of pH 7.8, lithium chloride 
broth and pancreatin broth were chosen as these had proved to 
be successful incitants to dissociation when used by Hadley 
(1931). 

Broth cultures six weeks of age were grown in lithium chloride 
broth which was beef-extract broth plus 0.5 per cent lithium 
chloride. This medium, however, inhibited growth, as it was 
only after four or five days in the incubator that growth ap- 
peared in the inoculated tubes of the broth. A liter of this 
medium was diluted with 500 cc. of plain beef extract broth and 
the reaction of the whole adjusted to pH 7.8. Moderate growth 
was obtained upon eighteen hours incubation. 

Twenty-four-hour broth cultures were grown in 1 per cent 
(Hadley used 5 per cent) pancreatin broth at pH 7.8. This 
medium was beef-extract broth plus the pancreatin and although 
care was exercised in dissolving the powdered pancreatin, a heavy 
precipitate was found in the bottom of each tube after tubing and 
autoclaving. 

Broth cultures three weeks of age were grown in beef extract 
broth at pH 7.8. Broth cultures six weeks of age and twenty- 
four-hour broth cultures were also grown in beef extract broth of 
pH 7.0 as a control. 

Serial transfers from the newly inoculated broths were made 
every other day and agar plates were streaked at the same inter- 
vals. The R type was first seen‘in mass growth on these agar 
plates. Transfers were made from the R growth on the plates 
to broth of pH 7.8 and to agar slants of pH 7.8. When these 
media showed R growth the R type was studied as to colony 
formation by plating so as to obtain well isolated colonies. 
Dissociation was produced with all ten organisms. Dissociation 
did not take place in any of the control broths. 
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It is of interest to note which medium proved the most success- 
ful incitant to dissociation. Strain 1 of Friedliinder’s bacillus 
dissociated in pancreatin broth after a month of frequent transfers 
in that medium, while strain 2 disociated in plain broth of pH 
7.8 after about two weeks of transfers. G. tetragena dissociated 
in plain broth at pH 7.8. The other seven organisms dissociated 
in lithium chloride broth and three strains of B. coli were isolated 
from this medium. These three strains seemed to be character- 
ized by varying degrees of roughness and are spoken of throughout 
as R,, R:, and R; as is suggested by Hadley (1927) for such cases. 


Effect of dissociation 


1. Cultural characteristics. The contrast between the cultural 
characteristics of the S and R types ‘s given in general citing 
exceptions to the generalizations. 

On agar the S types presented a raised, glistening, smooth, 
moist, white and opaque growth. Friedliinder’s bacillus was 
somewhat more slimy and translucent than the rest, while G. 
tetragena was slightly rugose. P. cannae was viscid and undulate 
and C. viscosum gave a scant but viscid gray-white growth. 

The R types presented on agar flat, dull, opaque, granular or 
rugose, very dry, brittle growth. 

In the case of Friedliinder’s bacillus strain 1 in the R phase was 
rugose and rather transparent, while strain 2 was opaque and not 
rugose. 

G. tetragena gave a crepe-paper like appearance and the growth 
of both this organism and that of A. aerogenes was contoured. 

P. marginalis produced erosive pockets in the agar and P. 
cannae also grew deep into the agar. 

In the case of B. coli, R, was very smooth, glistening, bluish and 
glassy. R, produced a very white dull frosted growth on the 
upper half of the agar slant with lumps of transparent, colorless 
jelly at the base of the slant. R; answered the general descrip- 
tion of the R type given above. 

In broth the S types produced even clouding with varying 
amounts of sediment. P. marginalis and P. cannae formed pelli- 
cles in both the S and R phases while P. beticola formed a pellicle 
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in the R phase but not in the 8 phase. C. viscosum caused the 
broth to become slightly cloudy with scanty gray sediment and 
very viscid, slimy ropes developed upon shaking. The broths 
of the R types were clear with flocculent sediment. Some had 
clumped particles along the side of the tube and some had flakes 
in suspension in the broth or on the surface of the broth. The 
three R types of B. coli again produced differences. The broth 
of R; was cloudy, had a pellicle and was viscid upon agitation. R, 
was clear with apparently no growth. However, about half of 
the broth was of jelly-like consistency. R; was clear with abun- 
dant sediment which was granular upon agitation. 

All S cultures were kept on agar slants and in broth of pH 7.0. 
Growing the S cultures on serum agar for a time enhanced the 
capsules. R cultures were kept on agar slants and in broth of 
pH 7.8. 

It was found in agreement with Dutton (1928) that the degree 
of agglutination in broth cultures paralleled the degree of rough- 
ness. Extreme R types formed only a few large clumps in clear 
broth, those types closer to the S type showed slighter agglutina- 
tion, and mixtures of R and S types on agar plates, showed clumps 
in evenly clouded broth. The same phenomena were noted in 
normal saline solution as in broth. 

In broth, the S type usually produced homogeneous clouding 
and the R type agglutinative growth, as is described by Hadley 
(1927). 

The question of variants in B. coli is especially interesting as 
much work has been done on this organism with varying results. 
The S culture used was a mucoid, capsulated, and, as later found, 
a virulent organism like that described by Smith and Bryant 
(1927). 

In this case the R, type was apparently the first stage of disso- 
ciation. Except for a more glassy, bluish luster and lack of 
virulence it reacted biochemically very similarly to the S type. 

The R, type was probably the intermediate type with some 
early R form present, and gave the most radical morphological 
changes of the three types. Its biochemical activities approxi- 
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mated those of the extreme R type. This type resembled one 
described by Gratia (1922) in which mucoid growth was studded 
by opaque spots. Transfers from the opaque spots gave opaque 
growth and from the mucoid areas gave mucoid growth but the 
former soon outgrew the latter. This was the case with our R, 
type. After several transfers the jelly-like substance disappeared 
and a frosted opaque culture remained. Bergstrand (1923) 
also speaks of a culture of B. coli in which dull colonies showed 
transparent heavy fluid spots which disappeared upon repeated 
transfer. 

Our R; type represented the extreme R type as described by 
Hadley (1927) and others. This was the stable R typeandthe 
morphology was the same as that described by Hadley for the R 
type of his B. coll. 

Spencer and Workman (1932) in the dissociation of B. coli 
reported cocci, bacilli, filiforms, spirillae, branching rods, triangu- 
lar forms and pyramidal shapes, as well as giant ovals and giant 
cocci. No unusual morphological types were seen in our plain 
broth cultures. Dissociation was produced by lithium chloride. 

Proof that the R types were not contaminations is found in the 
fact that the R type will revert to the original form, and can be 
reisolated from the original form. 

It was found that very early cultures of the R type reverted to 
the S type upon a few days incubation. Extreme R strains 
remained stable as long as kept on agar pH 7.8 and in broth pH 
7.8. Dulaney (1926) had difficulty in stabilizing R forms at 
once, although his later ones remained quite stable. In the 
present study it was possible to have all R types revert to S by 
frequent transfers in broth of pH 7.0. Yi (1930) in studying 
diphtheria stated that he could not change R back to 8. Cooley 
(1932) in working with streptococci reported that a small number 
of S elements remained in even the most extreme R forms. This 
may account for his type R seeming virulent. 

2. Morphology. The S types were all quite small, rods of 
slightly varying lengths and morphology, with the exception of 
G. tetragena which was in the form of spheres. 
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The R types showed such a great variety in morphology that 
they must be listed separately. 


Friedldnder’s bacillus: Short, swollen rods, some in chains on up to 
long rods. A few coccus forms. 

G. tetragena: The normal spheres plus very small rods. 

A. aerogenes: Strains 1 and 2—same as the S phase except for a 
few slightly longer rods. 

P. beticola: Rods of varying lengths, some stained not at all, 
others stained heavily. 

P. marginalis: Long rods, some granular. 

P. cannae: Mostly small, thin rods, but a few small, swollen rods 
and a few long, thick rods. 

B. coli, Ry: Short rods of varying lengths. 

B. coli Re: Short rods and long filamentous forms with variable 
staining. 

B. coli Rs: ecoecobacilli—smaller than normal. 

C. viscosum: Small rods with variable staining. 


The morphological changes are characteristic of dissociation as 
described by Hadley (1927). Some cells are longer and some are 
shorter than in the original types. 

Arkwright (quoted by Hadley) states that in the earlier stages 
of the R culture of B. coli long filamentous forms may be found, 
but that the typical R type is a coccobacillus. 

’ 3. Capsule formation. In selecting a capsule stain the follow- 
P ing methods were tried: Huntoon’s method, Hiss’ method (Man. 
of Meth. 1929) and Ginn’s method (Maver, 1931). These were 

discarded in favor of Wherry’s capsule stain, used as follows: 

Place one drop of culture and one drop of m/20 hydrochloric 
acid on a slide. Let stand one minute. Spread into a thin film. 
Dry. Fix by heat or by flooding with methyl alcohol. Stain one 
minute with carbol fuchsin, 1:5. Wash in distilled water. Dry 

‘ in air. The capsule appears as a white halo. 

The Wherry stain was employed throughout, with Huntoon’s 
method used as a check in any case where doubt might arise. 
Ginn’s method was desirable inasmuch as the background was 
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stained, but control slides showed wide capsules on the organisms 
present in the ink used, and it was difficult to obtain India ink 
free from bacteria. 

All the organisms used were capsulated in the S phase and non- 
capsulated in the R phase. This is in general agreement with 
other workers. 

Loss of capsules brings up a problem. It was Hadley’s experi- 
ence that during transfers through an impoverished medium, some 
organisms had lost all of their capsules and others none at all. 
Gradually all of the organisms were non-capsulated. Toennies- 
sen (quoted by Hadley), on the contrary, demonstrated the loss 
of capsules by gradual steps. By the use of chemical antiseptics 
he was able to “‘fix’’ the degree of capsule formation in complete, 
intermediate, or slight grades. Each grade remained constant in 
further cultivation on a favorable medium. Wreschner (quoted 
by Hadley) had the same experience with Micrococcus tetragenus 
(Gaffkya tetragena). In cultivation on ordinary agar the capsules, 
previously abundant, had begun to disappear and by the twelfth 
transfer they had vanished. 

In the present study, it was found that in the process of dissocia- 
tion, the capsules disappeared gradually. The question has 
arisen whether or not the loss of capsules makes a rough culture. 
Smooth, viscous cultures upon rapid transfer on agar, with each 
transfer become a little less viscid and capsules become alittle 
thinner. But the culture is not necessarily rough. 

4. Fermentation reactions. A study of the fermentation reac- 
tions brought about by the S and R types was made in fermenta- 
tion tubes of carbohydrate broths of pH 7.0. These broths 
contained 1 per cent glucose, sucrose, lactose, mannitol and mal- 
tose, respectively, plus brom-thymol-blue as an indicator. The 
tubes were incubated at 37°C. and observed after twenty-four 
hours and again after forty-eight hours. 

In general, the reactions of the S and R types were similar, 
although the R types were somewhat slower in action (see table 1). 
This agrees with Hadley’s findings (1927). The R type of G. 
tetragena failed to form gas in broths in which the 8S type formed 
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it, and in mannitol no action was observed. The same phenome- 
non was observed for A. aerogenes. The R, type of B. coli was 
very similar to the S type, while the R. and R; types did not form 
gas and did not act on maltose. C. viscosum was the one culture 
in which the R type showed somewhat increased ability to react 
to carbohydrates. 

Certain observations in the literature on fermentation in rela- 
tion to dissociation are apparently contradictory. Revis (1913) 
showed that new types produced by malachite green lost the 
power of gas production. Gratia (1922) reported that ten strains 
of B. coli all fermented carbohydrates. 

Koser (1930), deKruif (1922), Nungester (1929b), Yii (1930) 
and Soule (1927) working on various other organisms found fer- 
mentation reactions of R and S types indistinguishable. Nunges- 
ter (1931) reported that the R type of B. coli fermented lactose 
while the S type did not. Bergstrand (1923) reported fermenta- 
tion reactions as the same for S and R types of B. coli. Edwards 
(1929) in study of encapsulated bacilli stated that A. aerogenes 
and Friedliinder’s bacillus were variable in their reactions. In 
reviewing the literature Edwards observed that Friedliinder’s 
bacillus was classified as fermenting lactose with acid and gas, 
just acid or neither. In his own study of twenty-two strains he 
found three which did not ferment lactose, and nineteen which 
fermented with acid, sixteen of which produced both acid and 
gas. It seems not improbable that he was dealing with disso- 
ciated strains. Maver (1931) found type R more active. 

5. Action on litmus milk. Observations of the action of the 
S and R types on litmus milk at 37°C. showed that the R cul- 
tures were slower in action during the first twenty-four hours 
incubation, but in four days could equal and, in the case of 
Friedlinder’s bacillus, could surpass the S type (see table 2). 

Edwards (1929) reported that some strains of Friedliinder’s 
bacillus coagulated milk and some did not. Two of the strains 
used by Edwards which did not coagulate milk had been studied 
previously by Small and Julianelle and found to coagulate milk. 
This again suggests dissociation. Using other organisms than 
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those used in this study Nungester (1929a) found that the R type 
coagulated milk more rapidly and Balteanu (1926) that the R 
type coagulated milk more slowly. 


TABLE :‘ 


to 





PHASE 


Action of R and S cultures on litmus milk at 37°C. 


ORGANISM 1 DAY 4 Days 10 Days 
' S Fairly acid | Fairly acid | Acid 
Fr. bacillus 1 aa : oe . 
R | Fairly acid Acid | Acid curd 
; Bee as S | Fairly acid | Fairly acid | Acid 
Fr. bacillus 2 . aa ; 
R No change Acid | Acid curd 
} | 
indiana S | Acid | Acid | Acid 
a j ~ ° | . 
—— R No change | Acid | Acid 
| 
oa — S | Acid Acid | Acid curd 
“i. rogenes | + . . 
aii R | No change Acid Acid curd 
| 
; 2 | S | Acid Acid | Acid curd 
A. aerogenes «£ - ° | ° 
ates R No change | Acid | Acid curd 
Ss Slightly acid | Soft alkaline | Peptonization 
P. beticola | eurd | 
| R No change | Slightly acid | Peptonization 
S | Slightly acid | Slightly acid | Alkaline peptoniza- 
P. marginalis tion 
R | No change No change | Same as S type 
: S | No change No change Clear, golden brown 
P. cannae . » a 
R No change No change Clear, golden brown 
S | Acid Very acid | Acid curd 
R, | Acid Very acid Acid curd 
B. coli Se iy aoe 
R. | No change | No change | Peptonization 
R; | No change No change | Peptonization 
S Nochange | Nochange | Alkaline peptoniza- 
silicate | tion 
tat amin R | No change No change | Alkaline peptoniza- 


6. Liquefaction of gelatin. 


tion 


Results of liquefaction studies of 
the S and R types on 10 per cent nutrient gelatin stabs of pH 7.0 
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incubated for a month at 20°C. showed the two to be fairly equal 
in proteolytic ability. It was observed that the R, and R; types 
of B. coli produced liquefaction while the 8 and R, types did not. 
The results obtained are presented in table 3. 

Hadley (1927) mentioned five workers on other organisms 
(Firtsch, Braun and Schaffer, Baerthlein, Balteanu, Soule) who 
found that the R type liquefied gelatin more slowly than the 8 
type. 

Nungester (1929a) in a study of B. anthracis found that the R 
type liquefied gelatin more rapidly. 


TABLE 3 
Liquefaction of gelatin at 20°C 


ORGANISM SMOOTH RO i” 

j nt per cent 
Fr. bacillus 1 25 10 
Fr. bacillus 2 25 33 

G. tetragena None None 

A. aerogenes 1 None None 
A. aerogenes 2 None 33 
P. beticola 100 80 
P. marginalis 75 70 
P. cannae 25 10 

B. coli R;. None None 
B. coli R, 60 
B. coli Rs... . és 60 
C. viscosum 25 10 


7. Reduction of nitrates. Nitrate reduction was tested by 
growing the S and R types in nitrate broth of pH 7.0 and testing 
with standard solutions. The results showed that the S and R 
types were very similar, with the R types a little slower than the 
S type. A. aerogenes, strains 1 and 2 gave a ++-4 reaction in 
the S phase and a + reaction in the R phase. R,, R, and R; of 
B. coli gave the same reaction as the S type. C. viscosum gave a 
+-+ reaction in the S phase and a + + + reaction in the R phase. 

8. Production of indol. Indol production by 8S and R types 
was tested for in the usual way in a 1 per cent solution of Bacto- 
Tryptophane Broth of pH 6.8, incubated for twenty-four hours 
at 37°C. The R type was generally less active; for instance in 





532 


HAZEL E. O'NEAL 





those used in this study Nungester (1929a) found that the R type 
coagulated milk more rapidly and Balteanu (1926) that the R 
type coagulated milk more slowly. 


ORGANISM 


Fr. bacillus 1 


Fr 


~ 


’ 


P. 


r. bacillus 2 


;, telragena 


. aerogenes 1 


. aerogenes 2 


beticola 


. marginalis 


. cannae 


. coli 


. viscosum 


6. Liquefaction of gelatin. 


| 
| PHASE 


Ss 
R 


TR 


an) wn 


—_— 
~ 


TABLE 2 


1 DAY 


Fairly acid 
Fairly acid 


Fairly acid 


No change 


Acid 


| No change 


| Acid 
No change 


Acid 


| No change 


Slightly acid 


No change 


Slightly acid 


No change 


No change 
No change 


| Acid 


Acid 
No change 
No change 


No change 


No change 


4 Days 


| Fairly acid 
| Acid 


| Fairly acid 
Acid 
| 


| 


Acid 
Acid 


Acid 
| Acid 


| Acid 
| Acid 


| Soft alkaline 


| eurd 


Slightly acid 


| 
Slightly acid 


| ae 
No change 


No change 
No change 


Very acid 
Very acid 
| No change 
| No change 


| No change 


No change 


Action of R and S cultures on litmus milk at 


$7°C. 





| 


10 Days 


Acid 


| Acid curd 


Acid 
Acid curd 


Acid 
Acid 


Acid curd 
Acid curd 


Acid curd 
Acid curd 


Peptonization 
Peptonization 
Alkaline peptoniza- 


tion 
Same as 8S type 


| Clear, golden brown 
| Clear, golden brown 


| Acid curd 


Acid curd 
Peptonization 
Peptonization 


| Alkaline peptoniza- 


tion 


| Alkaline peptoniza- 


tion 


Results of liquefaction studies of 


the S and R types on 10 per cent nutrient gelatin stabs of pH 7.0 
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incubated for a month at 20°C. showed the two to be fairly equal 
in proteolytic ability. It was observed that the R, and R; types 
of B. coli produced liquefaction while the 5 and R, types did not. 
The results obtained are presented in table 3. 

Hadley (1927) mentioned five workers on other organisms 
(Firtsch, Braun and Schaffer, Baerthlein, Balteanu, Soule) who 
found that the R type liquefied gelatin more slowly than the 8 
type. 

Nungester (1929a) in a study of B. anthracis found that the R 
type liquefied gelatin more rapidly. 


TABLE 3 
Liquefaction of gelatin at 20°C. 


ORGANISM SMOOTH RUUGH 

per cent per cent 
Fr. bacillus 1 25 10 
Fr. bacillus 2 25 33 

G. tetragena None None 

A. aerogenes 1 None None 
A. aerogenes 2 None 33 
P. beticola 100 80 
P. marginalis 75 70 
P. cannae 25 10 

B. coli R,. . None None 
B. coli R, 60 
B. coli Rs. ... woes 60 
C. viscosum 25 10 


7. Reduction of nitrates. Nitrate reduction was tested by 
growing the S and R types in nitrate broth of pH 7.0 and testing 
with standard solutions. The results showed that the S and R 
types were very similar, with the R types a little slower than the 
S type. A. aerogenes, strains 1 and 2 gave a +++ reaction in 
the S phase and a + reaction in the R phase. R,, R, and R; of 
B. coli gave the same reaction as the S type. C. viscosum gave a 
+-+ reaction in the S phase and a + + + reaction in the R phase. 

8. Production of indol. Indol production by 8 and R types 
was tested for in the usual way in a 1 per cent solution of Bacto- 
Tryptophane Broth of pH 6.8, incubated for twenty-four hours 
at 37°C. The R type was generally less active; for instance in 
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the case of B. coli, the S type gave a + +-+ reaction while the R, 
type gave a + + reaction and the R, and R; types did not produce 
any indol. G. tetragena gave a +++ reaction in the S phase and 
a ++ reaction in the R phase. None of the other organisms 
produced indol in either phase. 

Bergstrand (1923) found that both the S and R types of B. coli 
produced indol. Gratia (1922) found ten strains of B. coli all 
indol producers. 

9. Starch hydrolysis. Starch hydrolysis was tested for by 
streaking S and R cultures on 0.2 per cent starch agar plates, 
incubating them for forty-eight hours at 37°C., and then flooding 
the surface of the agar with a saturated solution of iodine in 50 
per cent alcohol. The breadth of the clear zone outside of the 
area of growth indicated the extent of starch hydrolysis. 

No reference could be found on starch hydrolysis in relation 
to dissociation. In this case the results were rather striking. 
The R types showed decidedly greater ability to hydrolyze starch 
than the S types which was contrary to their usual slower action. 
Fr. bacillus, strains 1 and 2, G. tetragena, A. aerogenes strains 1 and 
2, P. beticola and B. coli did not hydrolyze starch in the S phase. 
However, in the R phase Fr. bacillus, strains 1 and 2 gave a + 
reaction, and G. tetragena and A. aerogenes, strains 1 and 2a ++ 
reaction. In the case of B. coli the extent of starch hydrolysis 
apparently paralleled the extent of the roughness of the culture, 
R, giving a + reaction, R.a ++ and R;a ++-4 reaction. 

P. cannae and C, viscosum in the § phase gave a + reaction and 
in the R phasea++-+reaction. P.marginalis increased its power 
of starch hydrolysis from ++ in the S phase to +++ in theR 
phase. Since all the organisms used were encapsulated it may 
be that the capsular substance prevented starch hydrolysis to a 
certain extent, as in the S cultures which did hydrolyze starch, 
the action was less than in the R cultures of the same organism. 

10. Motility. Motility of the S and R types was tested on 
organisms from agar slants incubated at 37°C. for twenty-four 
hours. A drop of distilled water was placed on a cover slip, a 
straight needle touched to an agar slant and the organisms mixed 
in the drop of water. The cover slip was inverted on a hanging 
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drop slide and examined under the oil immersion objective. The 
S organisms originally motile were P. beticola, P. marginalis and 
P. cannae and these were non-motile in the R phase. 

Although the S type of B. coli is normally motile, it was not in 
this case—due to encapsulation. 

Hadley (1927) found the R type of several B. coli strains all 
non-motile. Gratia (1922) stated that the S type of B. coli was 
non-motile while its R form was motile, but Hadley reported 
that this needed confirmation. Bergstrand (1923) reported that 
the R types of B. coli were non-motile, and the 8 types motile. It 
is generally accepted that S cultures which are motile are non- 
motile when they are dissociated into R cultures. Hadley (1927) 
mentioned that Braun and Schaeffer, Arkwright, Baerthlein, 
Krumwiede, and Feiler all found the R type in various organisms 
non-motile. 

11. Resistance to heat. The S and R cultures were subjected to 
experiments by the capillary method to show which was the more 
resistant to heat. Ten-, fifteen-, twenty-, and twenty-five- 
minute intervals were used at the temperature of 60°C. After 
heating, the broth cultures used were plated in agar and incubated 
at 37°C, 

The R types were shown to be more heat resistant than the S 
types. At the end of fifteen minutes one 8 type (P. beticola) was 
dead and no R types. At the end of twenty minutes four 8 types 
(A. aerogenes strains 1 and 2, P. beticola, and C. viscosum) were 
dead and no R types. At the end of twenty-five minutes all the 
S types were dead and only two R types (P. beticola and B. coli 
R,). It is to be noted that P. beticola had the lowest heat resist- 
ance in the S phase, and that in the case of B. coli it was the R 
type closest to the 8 type which succumbed. 

No references in the literature were found on this subject. 

12. Virulence. After being grown, and occasionally trans- 
ferred, on artificial media for two months, Friedlinder’s bacillus, 
G. tetrozyena, and B. coli were grown on 5 per cent rabbit-blood 
agar slants to maintain whatever virulence they might have. 
The media were incubated several days before inoculation to 
insure sterility. The surface growth of twenty-four-hour blood- 
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agar slants of the above organisms was washed off with 3 cc. of 
normal saline solution and the clumps broken up with a sterile 
cotton swab. The same thing was done with R types of the same 
organisms. One cubic centimeter of each suspension was injected 
intraperitoneally into each of two guinea pigs, using sixteen 
guinea pigs in all. Within twenty-four hours two died from the 
S type of B. coli, one from an 8 type of G. tetragena, and one from 
the S type of Friedliinder’s bacillus. All the pigs injected with 
the R type survived. Probably so few deaths resulted because of 
attenuation of the S cultures due to prolonged growth on artificial 
media. It seemed however that the S types used in this case 
were more virulent than the R types. 

Other studies have been made of virulence in encapsulated 
bacilli. Julianelle (1926) found the S type of Friedlinder’s 
bacillus virulent and the R non-virulent. He believed that the 
S possessed specific soluble substances lacking in the R types. 
Edwards (1929) stated that Baerthlein and Toenniessin showed 
that the virulence of Friedlinder’s bacillus is dependent on 
capsule formation. It is true that the capsules of the two strains 
of Friedliinder’s bacillus used in the virulence test in this study 
did not have as wide capsules as when they were first obtained. 

Hadley (1927) stated that Griffith found S types of pneumo- 
coccus virulent and R type avirulent. Wreschner found the 
same in connection with Micrococcus tetragenus, and Manniger 
with B. avisepticus—all encapsulated organisms. Virulence may 
be merely correlated with encapsulation, or it may be due to 
capsule formation giving the bacteria a protection against the 
body defenses. Davis (1920) found that there is no strict paral- 
lelism between encapsulation and virulence in certain epidemic 
microérganisms of the respiratory tract. 


SUMMARY 


1. The ten encapsulated organisms dissociated under certain 
of the conditions used. 

2. The ‘‘normal”’ and ‘‘mutant”’ types of these ten organisms 
presented differences in morphological and cultural character- 
istics. 
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3. The fermentation reactions of the 8 and R types were similar 
although the R types were somewhat slower in action. 

4. Action on litmus milk showed that the R types studied were 
slower in action during the first twenty-four hours incubation, 
but in four days could equal and in one instant surpassed the S 
types. 

5. In liquefaction of gelatin the R types observed were slightly 
less active than the S types. 

6. In the reduction of nitrates, the S and R types studied pro- 
duced similar results, but the R types were a little slower in action. 

7. The R types studied were less active than the 8 types in the 
production of indol. 

8. The R types studied proved to be more active in the case of 
starch hydrolysis than the S types. 

9. The motile S types studied were non-motile in the corre- 
sponding R phase. 

10. The R types of all ten organisms were apparently more 
heat resistant than the S types. 

11. Of the cultures tested for virulence, the S type proved to be 
somewhat more virulent than the R type. 
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In plating for the isolation of organisms such as Brucella 
abortus, it is necessary to inoculate on the surface of poured 
plates. The usual technique consists in transferring the inoculum 
with a loop or pipette and then distributing it over the surface 
by simply smearing in a back and forth motion with a needle, 
loop or glass rod. Very often, considerable difficulty is experi- 
enced in obtaining a growth which permits the easy orienting and 
picking of individual colonies. 

The usual technique allows considerable chance of contamina- 
tion from the air, and, at the same time, a uniform inoculation 
of a small amount of inoculum over the entire surface of the Petri 
plate is obtained only with great difficulty. This article relates 
to a method of inoculating fluids or tissues on the surface of 
poured plates which decreases the possibility of air contamination, 
insures a much more uniform distribution of the inoculum, and 
greatly shortens the time interval in inoculating a large number 
of plates. 

This device consists of a turn-table with a raised rim to hold 
the poured plate in position while the whole is rotated in an anti- 
clockwise direction by an electric motor of low horse-power at a 
speed of sixteen revolutions per minute—this speed having been 
found by tests to give the most satisfactory results. 

When a sample of fluid, such as cream, is to be inoculated, 


‘Contribution from the Faculty of Agriculture of MeGill University, Mac- 
donald College, P.Q., Canada. Journal Series No. 23 
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the operator pipettes the desired amount of inoculum—usually 
one-tenth of 1 cc.—-to a point half way between the margin and 
the center of the plate, the cover of the plate being raised just 
sufficiently to allow the insertion of the pipette. Using the left 
hand, the operator then places the plate on the moving turn- 
table. A bent glass rod, made from very thin tubing to insure 
rapid cooling, is held in the right hand. It is immersed in 95 per 
cent alcohol, passed through a Bunsen flame to sterilize it, and 
then inserted underneath the lid of the plate which has been 
slightly raised by the left hand. 

The first contact of the glass rod to the agar should be at a 
point at the opposite side of the plate from the inoculum; this 
insures proper cooling of the rod before its contact with the inocu- 
lum. The bent arm of the glass rod should be just slightly shorter 
than the radius of the Petri plate. When the rod comes in 
contact with the inoculum, the latter spreads out along the rod, 
and, as the plate rotates, the inoculum is distributed evenly over 
the surface of the agar. Four to six revolutions are sufficient 
to insure an even distribution of milk or cream. The glass rod 
is then removed and is resterilized in the manner outlined. The 
left hand then removes the plate, places it on the table, and re- 
places it with another. The operation may be repeated in rapid 
succession on a whole series of plates, with the turn-table in 
constant motion and the right hand continuously holding the 
inoculating rod: Numerous experiments demonstrate the effi- 
ciency of the method of sterilizing the glass inoculating rod. 

The technique employed in inoculating poured plates from 
tissues is carried out in a similar manner. A poured plate is 
placed on the turn-table and rotated. With a pair of sterile 
scissor-forceps, held in the right hand, a representative-sized 
piece of tissue is grasped. The surface of the tissue is sterilized 
by searing with a hot iron or by passing it through a Bunsen 
flame. With a pair of sharp, sterile dissecting scissors held in the 
left hand, the tissue is severed in a horizontal plane. The 
scissors are then placed on the table. With the left hand the 
cover of the Petri plate is raised just sufficiently to allow the 
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insertion of the forceps holding the tissue. The freshly cut sur- 
face of the tissue is now allowed to come in contact with the agar 
at the center of the plate. As the plate rotates, the tissue is 
moved slowly towards the edge of the plate. This not only 
serves to insure the inoculation of the entire surface of the agar 
plate, but with each successive rotation a reduction in the amount 


% 





Fig. 1 


of inoculum is attained. Plates inoculated in this manner pro- 
duce the maximum growth at the center with a gradual reduction 
in the number of colonies towards the edge of the plate. This 
feature facilitates the picking of individual colonies. The 
author has found the above technique valuable in the isolation 
of Brucella abortus from the spleen, liver and testicles of guinea 
pigs. Figure 1 shows the device in operation. 
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INTRODUCTION 


The formation and function of bacterial spores have been the 
subject of numerous studies since spores were first observed by 
Perty in 1852. Cohn (1877) working with Bacillus subtilis 
observed the process of sporogenesis and germination and estab- 
lished the true nature of the bodies called spores. Since that 
time, numerous theories have been advanced by various workers 
to explain the cause and conditions leading to spore formation. 

To date, the exact nature or process of spore formation has not 
been explained, but the moving pictures by Bayne-Jones (1932) 
do give us a visible picture of the formation of the spore. These 
pictures indicate that the actual process of sporogenesis is not 
long drawn out but rapid. It may require some time to establish 
the proper conditions but the act takes place quickly. It appears 
that granules are formed within the bacterium and immediately 
before the spore is formed these granules migrate to the opposite 
end from that in which the spore is formed. 

As Brunstetter and Magoon (1932) have pointed out, there 
are a number of factors which influence sporogenesis. Only a 
brief summary of the more important factors will be possible 
here. The relation of oxygen supply to sporogenesis was noted 
by those who first worked with sporogenic aerobes. Cohn (1877) 


1 Journal Article number 149 (n.s.) from the Michigan Agricultural Experi- 
ment Station. 
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and Schreiber (1896) with Bacillus subtilis; Koch (1877), Buch- 
ner (1890) and Schreiber (1896) with Bacillus anthracis; 
Schreiber (1896) with Bacillus tumescens; Holzmuller (1909) and 
Brunstetter and Magoon (1932) with Bacillus mycoides observed 
the influence of oxygen on the sporogenesis of these organisms. 
Other workers, as Matzuschita (1902) and Wund (1906), made 
similar observations. The latter made a quantitative study of 
minimum, optimum and maximum oxygen requirements for 
spore formation and germination as well as vegetative growth 
for a number of sporogenic aerobic bacteria and found the minima 
for spore formation to be higher than for spore germination or 
vegetative growth. 

The influence of the food supply on sporogenesis has long been 
recognized. Buchner (1890) advanced the theory that the stim- 
ulus of the organism to form spores comes when the nutrient 
material immediately surrounding the organism has become 
deficient. Considerable work has been done to confirm or dis- 
prove this theory. Among the more important work in this 
connection may be mentioned that of Osborne (1890), Stephan- 
idis (1899), Schreiber (1896) and Holzmuller (1909). Of interest 
in this connection is the work of Tarr (1932) where he shows that 
media rich in amino acids inhibit sporogenesis. He concludes 
that endospore formation in aerobic bacilli bears an inverse 
relationship to the amount of available nutrient present and is 
not due to any toxic effect of added compounds or compounds 
already present in the medium. 

Another theory that has been advanced to account for sporo- 
genesis is the accumulation of metabolic products of the bacterial 
cells during growth. Turro (1891) was the first to advance this 
theory. He concluded that the carbohydrate compounds of the 
cell are utilized and the nitrogen compounds which are left are 
the chief constituents of the spore and induce sporogenesis. 
Migula (1897) likewise believed that sporogenesis was induced 
by accumulated metabolic products such as acids and alkalies 
and not by food exhaustion. Mellon and Anderson (1919) 
showed that, immunologically, the protein of the spore is different 
from that of the vegetative cell. Henrici (1928) found the follow- 
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ing factors had an influence on sporogenesis: the strength of 
medium, the amount of the inoculum and the particular point 
of the growth curve at which sporogenesis was determined. 
Churchman (1925) does not believe that sporogenesis is brought 
about by adverse conditions of environment and supports his 
contention by experiments with dye inhibition on spore formation. 

The influence of temperature on spore formation has been 
recognized since the first work was done on this phase of the 
subject. Among the earlier and more important work in this 
connection may be mentioned that of Koch (1877), Cohn (1877), 
Brefeld (1881), Schreiber (1896), Migula (1897) (1904-07), Blau 
(1906) and Itano and Neill (1918-19). The work of these inves- 
tigators showed that sporogenesis occurs only between certain 
well-defined limits of temperature. 

The reaction of the medium is likewise important in sporo- 
genesis as in all physiological processes. This phase of the subject 
has been investigated by Fitzgerald (1911), Itano and Neill 
(1918-19), Whitworth (1924), Leifson (1931) and Cook (1931). 
In general, the work of these investigators shows that excessively 
alkaline or acid media delay or inhibit spore formation. There 
likewise appears to be an optimum pH where spores are formed 
most abundantly. 

That the composition of the media upon which the bacteria 
are grown is important in sporogenesis is shown by the work of 
Schreiber (1896), Gartner (1903), Noguchi (1907-08), Fitzgerald 
(1911), Hall (1922) and Brunstetter and Magoon (1932). The 
presence or absence of certain materials in the media either stim- 
ulates or inhibits the formation of spores. 

In Hadley’s (1927) excellent and comprehensive treatise on 
microbie dissociation may be found many references to the lit- 
erature dealing with dissociation of aerobic sporogenic bacteria 
such as B. anthracis, B. subtilis, B. mycoides, B. megatherium, 
B. ramosus, etc. In many instances the influence of dissocia- 
tion on sporogenesis is not specifically studied, yet it is some- 
times noted that some of the variants or atypical forms lose 
their ability to produce spores either temporarily or permanently. 
This no doubt accounts for some of the asporogenous strains of 
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B. anthracis, which have been noted by Lehmann (1888), Beh- 
ring (1889), Roux (1890) and of B. mycoides, Nadson and 
Adamovie (1910). 

The factors so far considered which enter into the physiology 
of sporogenesis have been: Oxygen, pH, temperature, abundance 
of food supply, type of food, metabolic products and microbic 
dissociation. Daranyi (1927) in his work with B. anthracis, B. 
cylindrosporus and B. subtilis has shown that still another factor 
must be taken into account. He considers the decrease of the 
water content of the organism the most important factor favoring 
spore production. In his experiments spores of B. anthracis 
that were dried for two days in a desiccator and then placed on 
fresh agar slants and incubated for eighteen hours produced 70 
per cent spores. The control which was seeded with an eighteen- 
hour slant culture after incubation at the same temperature and 
for the same length of time only produced one per cent spores. 
He believes that Buchner’s theory may be explained on the basis 
that as the organisms become older their water content decreases 
thereby causing spore formation. 

It is apparent from this brief and incomplete review of the 
literature that sporogenesis is influenced by a number of factors, 
some of which are interrelated and exert a greater influence on 
spore formation under a given set of conditions than others. If 
the conditions are reversed, however, then another factor or 
factors may be of greater importance. 


HISTORY OF CULTURES 


The four aerobic spore-forming organisms used in this study 
were Bacillus subtilis, Bacillus cereus, Bacillus mesentericus and 
Bacillus megatherium. The culture of Bacillus cereus furnished 
by Doctor L. F. Rettger of Yale University had been isolated from 
a hay infusion. The others had been isolated from hay and soil 
infusions, and were from our own stock collection. Each culture 
was plated out by the loop dilution method and transfers made 
from well-isolated typical colonies. To insure pure cultures the 
above transfers were identified according to Bergey’s manual of 
Determinative Bacteriology, third edition (1930). 
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METHOD 


The study of sporogenesis necessitated using a solid medium 
where the culture could be obtained in a vegetative stage for 
subsequent inoculations into the liquid medium containing 
various molalities of the salt under study. It was also essential 
that a liquid medium be used which of itself did not stimulate 
spore formation. Preliminary work confirmed the “spore cycle”’ 
of sporogenic organisms, as determined by Magoon (1926). 
Thus, twenty-four hours was taken as the time for these organ- 
isms to go from the spore stage through the vegetative stage and 
back into the spore stage again. Eighteen to twenty hours’ 
incubation was taken as the time for the organisms to go into 
the spore stage if the inoculum was in the vegetative stage. Ap- 
plication was therefore made of the “spore cycle” in this study. 

A variety of slanted media were inoculated with a culture of 
each one of the four organisms; these cultures had been trans- 
ferred previously at several twelve-hour intervals to insure only 
vegetative growth. Observations for spores were made at 
intervals by making spore stains of the smears made from the 
various media. Two of the media studied proved interesting and 
useful; glucose agar stimulated each one of the four organisms to 
almost 100 per cent spore formation in about twenty hours, while 
on the beef liver infusion agar introduced by Stafseth (1920) and 
further developed by Huddleson and others (1927) the cultures 
formed very few spores within the same time limit. The liver 
infusion agar was therefore adopted to maintain the cultures 
used in this work. Various liquid media were similarly studied, 
including plain broth, Dolloff’s medium (1926), Leifson’s medium 
(1931), and Hotchkiss’ medium (1923) consisting of 1 per cent 
Bacto-peptone. Williams (1930) (1931) recommended 1 per cent 
peptone as a good medium for studying the ratio of spores to 
vegetative cells. Of these media the 1 per cent peptone medium 
used by Hotchkiss in her work was adopted as it did not stimulate 
spore formation of the cultures studied within eighteen hours. 
All media were sterilized by autoclaving for twenty minutes at 
15 pounds pressure. The solid media were adjusted so that the 
final pH after autoclaving was 6.6. The pH of the distilled 
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water used in making the 1 per cent peptone medium was such 
that the final pH of the medium was near 6.6 after sterilization. 

All glassware used was of Pyrex type, cleaned by soaking in 
cleaning solution overnight, rinsed in tap water followed by dis- 
tilled water and sterilized in dry heat at 180°C. for three hours. 
The chloride salts, whose effect on sporogenesis in the 1 per cent 
peptone medium was studied, can be classed for convenience into 
four groups according to valence. The univalent salts used were 
NaCl, KCl, NH,Cl, and LiCl, also sodium lactate; the bivalent 
salts used were MgCl., MnCl,-4H,O, BaCl., CoCl,-6H,O, PbCl, 
and NiCl.,; the trivalent salts used were AIC];, CeCl;, FeCl; -6H,0, 
and the quadrivalent salt used was SnCl,. All of the salts were 
Baker’s analyzed products. 

Stock solutions of a definite molality of these salts were pre- 
pared in sterile distilled water and tested for sterility. The 
desired amount of the salt solution was added to 5 grams of 2 
per cent peptone medium and made up to 10 grams with sterile 
distilled water. Thus, each tube contained 10 grams of 1 per 
cent peptone with a definite molality of the salt under study. 

In making a determination, a very small amount of the aerobic 
sporogenic bacterial culture used was transferred with a needle 
from the liver infusion agar slant into 10 cc. of 1 per cent peptone 
medium and incubated for eighteen to twenty hours at room 
temperature. One cubic centimeter of each of these spore-free 
cultures was added to a series of tubes containing the desired 
molal concentration of each salt, also to a tube containing 10 ce. 
of 1 per cent peptone which served as a control. These tubes 
were then incubated at room temperature for eighteen to twenty 
hours after which the number of bacteria per cubic centimeter and 
the per cent spores present were determined by using Breed’s 
(1911) (1918) method for direct microscopic counts. Ordinary 
microscopic slides were marked off into 1 sq. cm. areas, using a 
diamond point. From each of the tubes containing concentra- 
tions of the salt under study 0.01 cc. amounts of the uniform 
suspensions were placed on the slide and spread evenly over a 
1 sq. cm. area. These were allowed to air-dry and then stained 
by Anjeszky’s spore stain method which gives a red spore and a 
blue sporangium. 
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Hydrogen ion determinations were made electrometrically, 
using a Leeds and Northrup potentiometer in conjunction with a 
saturated calomel cell and a quinhydrone electrode. 

Preliminary determinations were made with each salt and each 
one of the four organisms to determine the range of stimulation, 
if any, and the point of decrease due to the toxicity of that 
molality of salt. When this range was found, “Three molalities”’ 
were selected to be used in the final study of the salt under 
consideration. The three molalities selected were (a) the one 
which gave maximum stimulation, (b) a molality at the point 
between the maximum viability and no growth due to toxic 
effect of the salt and (c) a molality at a point lower than that of 
the maximum viability due to insufficient stimulation caused 
by the low salt concentration. Determinations were made in all 
cases employing these “three molalities” and a control. Not 
less than four separate determinations were made on each series 
of molalities of each salt, before continuing to the next salt. 
Each figure in the tables, therefore, represents the average of not 
less than four determinations. The separate determinations 
paralleled each other very closely with no wide variations. 


RESULTS 
1. Influence of univalent cations in combination with chlorine 


For convenience the salts under study were taken up in groups 
according to valence. The univalent salts were studied first. 
The “three molalities’’ were selected by preliminary determina- 
tions. Four series of molalities plus controls were prepared and 
each series inoculated with each of the four organisms. 

Table 1 shows the influence of NaCl on viability and sporula- 
tion for each of the four aerobic sporogenic organisms studied. 
These data show that NaCl in molal concentration 0.25 gave 
maximum stimulation for growth and also maximum stimulation 
for sporogenesis. The molal concentration below the maximum 
showed a stimulation over the control but not as great as that 
of the maximum. The molality above the maximum definitely 
showed a decrease of stimulation due to the approach to the point 
of toxicity of the NaCl. The pH ranged from 6.4 to 7.45. 



























































































































































550 F. W. FABIAN AND C. 8S. BRYAN 
TABLE 1 
Influence of univalent cations of chloride on sporogenesis in a liquid medium 
B. SUBTILIS | B. CEREUS a Seat 
a aT 
Oi od & | | 3 | § 
® e © v e © 
MOLALITY 2 £ | pH &| £ | px —E| & | px &| 2 | px 
se | 8 se | 8 seis se | & 
eo a ct «a | a8 « bs « 
a | = | e2| 3 its | ¥ g2| 2 
gs $a 8 ga ; @5 g 
is | (|e |S ge | 5 32 | 5 
e [4 |e [4 [-2} a, ioe] oe 
Sodium chloride 
0.5 /71 16165 | 7.5\0.4817.3/8010.1| 7.155.412.1172 
0.25 8.3 | 5.01 | 6.4 | 11.3| 3.36) 7.3/8.2 | 4.71 73/77 4.25] 7.2 
0.05 8.0 |2.0516.5 | 8.11 — | 7.3] 7.6 | 4.76] 7.25] 5.7 | 0.05) 7.1 
Control | 7.7 | —~ | 6.45 7.1| - 19 25) 6.0} — | 7.118.41 — | 7.1 
Ammonium chloride 
05 |2.3] — |6.45 6.0| 0.2 6.45! 8.0 - | 6.6 3.11 — | 6.55 
0.25 8.0 [12 |6.3 | 7.3/1.1 6.55| 8.8 | 0.28] 6.6 | 5.6 | 0.2 | 6.65 
0.125 | 6.0 | 1.1 | 6.35) 8.0) — |6.8/85| — |6.8) 4.9] 0.1 | 7.05 
Control | 6.0 | — | 6.85| 6.5) — | 7.3 - 17.015.0| — |7.1 
Potassium chloride 
0.5 5.5 | — |6.4 | 7.6| 0.15) 7.15) 9.5) — | 7.2 7.3| —|7.4 
0.25 6.2 | 0.27/| 6.4 8.3/0.4 | 7.3 | 10.0| 0.18) 7.2 7.8/0.2 | 7.35 
0.125 | 5.8 | — [64 | 9.0) - 7.3| 9.9 — | 7.25, 7.2| — | 7.35 
Control | 6.0 | — | 6.3 | 10.0) — 7 35) 10.0) — | 7.25) 7.5| — | 7.4 
Lithium chloride 
025 |50!] — |72 | 6o| —|7.1585.7| —|7.5]5.0| — 17.6 
0.125 | 7.711.6 | 7.3 6.1| 1.12] 7.5 | 6.9|7.8|7.516.8/2.8| 7.6 
0.05 6.9| — |7.3 | 6.4) 7.416.712217.5|6.4| — | 7.6 
Control | 8.0 | — | 7.35| 7.8) — | 7.5/7.9] — | 7.65) 7.0] — | 7.6 
Sodium lactate 
0.5 3.561 — 18.0 | 40 — 17.113.1] — 17.8140] — |7.3 
0.25 7.1 13.5 |5.8 | 6.2] 1.85) 7.1} 6.0/1.1] 7.3|7.011.4| 7.3 
0.05 6.7 | 0.35|6.0 | 5.8] — | 7.3] 5.7 | 0.65 7.1/7.0] — | 7.1 
Control| 6.8 | — |6.2 | 5.44 — |7.3/5.5| —|7.1/6.3] — 17.1 





























— = absence of spores. 
Bacteria in terms of millions. 
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The influence of NH,Cl is shown by the data in table 1. The 
pH’s throughout were lower than in the case of NaC] but still well 
within the favorable range for growth and sporulation. Table 1 
demonstrates the influence exerted by KCl. The pH’s were 
slightly higher than with NH,Cl and were practically the same 
as those for NaCl. In the case of both NH,Cl and KC! the 
maximum point of spore formation was at a molality of 0.25 
which coincides with that found for NaCl. 

In recent years LiCl has found many applications in bacte- 
riology. This makes it a very interesting salt to study in this 
problem. The data in table 1 show that it exerted a stimulating 
influence similar to that exerted by the other salts. However, 
its maximum point for stimulating sporogenesis was at a lower 
molality (0.125) than was the maximum for the other univalent 
salts (0.25). 

The univalent salts thus far studied were chlorine salts of high 
dissociation constants. It, therefore, seemed advisable to study 
the influence of a substance like sodium lactate with a different 
anion and a high dissociation constant. The influence of sodium 
lactate, as shown by the data in table 1, was identical to that of 
the other univalent salts which have the maximum point of 
stimulation at molality of 0.25. The pH determinations also 
indicated that it was within the favorable range. 


2. Influence of pH 


To determine the influence exerted by pH in a medium other- 
wise favorable to viability and sporogenesis the following experi- 
ment was performed. One per cent peptone medium containing a 
molality of 0.25 of NaCl was prepared and equal amounts were 
adjusted to various pH’s. The pH’s to which the medium was 
adjusted were 5.0, 5.5, 6.0, 6.5, 7.0 and 7.5 and covered the pH 
range found in the study of these salts. The data in table 2 show 
that there is a slight variation in a favorable medium between the 
four organisms studied at the same pH. They also show that 
each one of the organisms had a wide range of pH before a 
noticeable effect was produced upon the formation of spores. 
On this basis the pH of the medium, when various molalities of 
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salt were added, was considered favorable if it came between 
the range of pH 5.0 and 7.5. 


83. Influence of bivalent cations in combination with chlorine 


Attention was next turned to the bivalent salts as a group. 
The data indicate that MgCl, does not exert a very noticeable 
stimulating effect on growth and reproduction of the organism as 
evidenced by the count. Although the pH’s were within the 
favorable range for spore formation, MgCl, did not stimulate the 
production of spores. 














TABLE 2 
Influence of pH on spore formation in a liquid medium at the optimum molality (0.25) 
of NaCl 
B. SUBTILIS B. CEREUS | B. MESENTERICUS B. MEGATHERIUM 
pH Bacteria Bacteria Bacteria Bacteria | 
per cubic | Per cent | per cubic | Per cent | per cubic | Per cent | per cubic | Per cent 
centi- spores centi- spores centi- spores centi- spores 
meter meter meter meter 
7.5 3.6 7.0 4.8 3.5 5.0 5.0 3.8 3.0 
7.0 3.7 8.0 5.0 3.5 5.4 5.0 4.1 3.0 
6.5 4.4 8.0 6.0 4.0 5.6 5.0 4.9 3.5 
6.0 4.8 8.5 6.4 5.0 7.0 6.0 5.0 4.2 
5.5 5.2 9.2 5.4 5.5 6.8 7.0 5.0 4.5 
5.0 5.0 8.0 4.2 5.0 6.0 6.0 4.9 4.0 





























Bacteria are in terms of millions. 


The influence exerted by MnCl,-4H,0 and BaCh,, is identical to 
that of MgCl,. Preliminary work did not indicate any molality 
of these bivalent salts under study, which stimulated reproduc- 
tion of the bacteria, and so the molalities of salt used in the 
experiments were arbitrarily decided upon. 

The three more toxic bivalent salts chosen for study were 
CoCl,-6H,O, PbCl, and NiCl,. Although slightly different 
molalities of salt were used in each case, the influence exerted 
by them can be considered at the same time. The toxicity of 
these three salts for the bacteria was definitely shown by the 
great decrease in number of organisms in the molalities of the 
salt as compared to the numbers of organisms in the control tube. 
The pH range was favorable and yet in none of the bivalent salts 
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was any stimulation exerted on the organisms to cause them to 
form spores. 


4. Influence of trivalent cations in combination with chlorine 


The influence exerted by the three trivalent salts, AlC],, CeCl,, 
and FeCl,-6H,O, was likewise negative for sporogenesis. Here 
again, as in the case of the bivalent salts, there was no stimulation 
of the bacteria to reproduce or to form spores although the reac- 
tion of the medium was favorable. 


5. Influence of a quadrivalent cation in combination with chlorine 


The influence exerted by SnCl, on sporogenesis for each of the 
four organisms was likewise negative. It is noted that this 
salt does exert stimulating action on the organisms as far as 
reproduction is concerned, and although the pH range encountered 
is within the optimum there were no spores formed. 

Since all the data for bi-, tri- and quadrivalent cations were 
negative, they are not included in the tables presented here. 

DISCUSSION 

Most of the work done on spores deals with the spores after 
they are formed and their reactions to various external factors. 
The problem herein presented deals with the factors which induce 
the formation of the spores. From such a viewpoint it seemed 
important to know the correlation between numbers of organisms 
and the percentage of these organisms forming spores. The 
degree to which a medium favors sporogenesis is best determined 
in terms of the per cent of spores to vegetative cells. This gives 
what Buchner called ‘‘the intensity of spore formation.” If 
the intensity factor is considered, two factors are taken into 
consideration, velocity and the time interval, both of which are 
important in determining the influence of any substance on 
sporogenesis. Preliminary experiments showed a very close cor- 
relation between the heat resistance method and the spore staining 
method of demonstrating the presence of spores. It is for this 
reason that the spore stain was adopted as the criterion of the 
presence of spores. 
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Leifson (1931) states that, in his experiments with certain 
anaerobic organisms, he found a slightly acid medium more 
favorable for sporulation than an alkaline one. The results in 
this paper indicate that for the four aerobic sporogenic organisms 
there is a considerable range of pH where sporogenesis can take 
place. This confirms Itano and Neill’s (1918) (1919) results for 
B. subtilis and is contrary to the work reported by Cook (1931) 
where he states that growth and the formation of spores in B. 
subtilis were noted only at a pH between 6.0 and 7.0. A com- 
paratively wide range (6.4 to 7.5) is herein reported and an op- 
timum is indicated in an acid medium. 

The exact nature of the influence exhibited by the salts in- 
cluded in this study is not clear. The results secured with 
cations of the univalent salts seem to correlate with the theory 
of sporulation as expressed by Buchner. Since, at the optimum 
molality (0.25 in the case of all univalent salts studied, except 
LiCl and 0.125 in that case) we do have an increase in number 
of organisms over control, a “local” exhaustion of food ma- 
terial may incite the organisms to form spores. Nevertheless 
in some of the other salts, as SnCl,, we again have an optimum 
of bacterial viability at a definite molality and the pH is within 
the optimal range, but in this case no spores were formed. If 
the accumulation of metabolic products were the essential factor 
causing spore formation, we would again expect SnCl, to form 
spores in molality of 0.00005. The results herein presented 
confirm those of Magoon (1926) where he states that neither 
insufficient food, comparable to local exhaustion of nutrients, 
nor the accumulation of metabolic products cause spore formation. 

Fitzgerald (1911) in her work with A. capsulatus reported that 
0.5 to 5.0 per cent NaCl did not exert any appreciable stimulation 
of spore formation as compared to the spore formation obtained 
in the peptone bouillon used as a basal medium. It is a known 
fact that the bouillon contains some NaCl; this salt is no doubt 
one of the factors responsible for the spore formation in her 
controls. The NaCl added when she studied this salt may have 
exerted a toxic effect due to presence of too much salt. Thus, 
the percentage of spores would be almost the same as when no 
additional salt was added. In our study, NaCl as all other 
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cations of univalent chloride salts gave a definite and consistent 
stimulation of spore formation. 

From a study of the data presented it is quite evident that 
the cations of the salts studied fall into two groups: (a) the 
cations of the univalent salts which stimulate sporogenesis and 
(b) the cations of bi-, tri- and quadrivalent salts which as a 
group do not stimulate sporogenesis. The formation of spores 
was most abundant at the point of maximum viability of the 
organisms. Since there are so many factors that influence 
sporogenesis, as oxygen concentration, temperature, pH, meta- 
bolic products, food concentration, dissociation, water content 
of the cell colloids of the bacteria, it is impossible to determine 
the importance of any one factor without taking into considera- 
tion all the others. In this work all these factors were controlled 
as far as possible. Optimum conditions for growth without 
sporogenesis were maintained. The only variable was in 
known and definite amounts of the different salts added to the 
media. Just why the univalent salts stimulated sporogenesis 
while the bi-, tri- and quadrivalent salts did not remains to be 
explained. One might consider it to be due to their influence 
on the permeability of the bacterial cell. Osterhout (1915, 1915 
and 1922) assumed a specific increase of permeability of plant 
cells as due to Na and a decrease as due to Ca. However, if one 
considers Daranyi’s results in the light of this explanation, one 
finds that the two are not in agreement. According to Daranyi 
(1927) the most important influence favoring spore production is a 
decrease in the water content of the bacteria. If Na increases 
and Ca decreases the permeability of bacterial cells, then one 
should find greater spore production in the medium containing 
Ca, which is not the case. Furthermore, Winslow and Dolloff 
(1928) have shown that cations exert a primary effect upon the 
bacterial cell which is qualitatively the same for all cations but 
quantitatively different for each cation. In the presence of 
dilute solutions of salts permeability is increased and in the 
presence of concentrated solutions of salts it is decreased. 

Henrici (1928) in his work with B. megatherium found that 
sporogenesis commenced practically at the point of inflection 
between the logarithmic growth phase of the culture and its 
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resting phase, after which it proceeded at a practically constant 
rate for sometime thereafter. This could hardly be the case in 
the experiments reported here since the salts were all used in 
concentrations which gave the same physiological effect on the 
bacteria at different points on the viability curve. 

Falk (1923) presented a review of the literature up to 1923, 
upon the theories proposed to explain the physiological activity, 
exerted by the ions. He presents the view that to understand 
the rdles played by electrolytes in metabolic or physiologic 
processes of protoplasm there must be advancement and appli- 
cation of colloidal chemistry. The idea then presents itself 
that, of the salts studied, the cations may fall into a series where 
the univalent ions form different colloidal complexes with the 
protein of the bacteria or medium than do the other salts. The 
nature of the physiological action of the cations would then be 
determined by the influences of these complexes on the bacteria. 
If such is the case the ions might fall into a series such as the 
Hofmeister series but the action of the salts studied does not 
definitely follow this or any other series. It would be interesting 
indeed to study more ions, keeping in mind a definite series of 
activity which has been applied in colloidal chemistry. 

A comparison of the molality of the various salts studied at the 
point of maximum stimulation with those secured by Hotchkiss 
(1923) shows a remarkable agreement. In her work a non-spore- 
forming, Gram-negative organism, Escherichia coli, was used; 
while in this work four Gram-positive spore forming organisms 
were used. The remarkable correlation between the two groups 
of widely different species with respect to the molality at which 
maximum stimulation occurred would indicate that the stimulat- 
ing effect of the various cations upon bacterial viability is not 
confined to any one species but is of general physiological signifi- 
cance in bacteriology. 


CONCLUSIONS 


1. Cations of the univalent chloride salts, NaCl, LiCl, NH,Cl, 
KCl and also sodium lactate, exerted a distinct stimulating 
influence on aerobic spore formation in a liquid medium. 
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2. Cations of the bivalent chloride salts, MgCl., MnCl,-4H.0O, 
BaCl,, CoCl,-6H,O, PbCl, and NiCl,; of the trivalent chloride 
salts ALC], CeCl; and FeCl;-6H,O; and of a quadrivalent chlo- 
ride salt, SnCl,, had no influence on stimulation of spore for- 
mation in aerobic bacteria in a liquid medium. 

3. Spore formation was most abundant at the point of maxi- 
mum stimulation of viability. This would indicate that sporo- 
genesis is not due to a deficiency of nutrient materials or to an 
accumulation of metabolic products as has been postulated in the 
past. It would appear that it is a physiological process occurring 
when certain conditions are present. 

4. The pH of the medium studied did not materially effect the 
formation of spores within a favorable growing range pH 5.0 
to 7.5. However, an acid reaction was slightly more favorable 
for their production. 

5. The molal concentration of the different salts at which 
maximum stimulation occurred for the four organisms studied, 
B. cereus, B. subtilis, B. mesentericus and B. megatherium, cor- 
responds te a remarkable degree with those for Z. coli as pre- 
viously determined by other investigators. This work, there- 
fore, confirms and extends our knowledge of the physiological 
effect of cations upon bacterial viability. 
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In a former publication (1933) we showed that when the bac- 
terial population of a suspension is determined by inoculating a 
series of tubes of sterile broth with a sample from a certain dilu- 
tion, the accuracy is dependent upon the number of tubes used 
and the bacterial population. Since the latter is an unknown 
quantity, it is not possible to establish the real accuracy of the 
determination. We pointed out that this objection could be 
largely overcome by using several dilutions. It is the object of 
the present paper to give evidence in support of this thesis. 

As in the case of a single dilution, the problem involved may be 
approached from two points of view. If several tubes of broth 
are inoculated with a certain dilution of a bacterial suspension, 
another group with a second dilution, and still another with a 
third dilution, etc., there will be obtained a certain combination 
of tubes showing growth and no growth. The same combina- 
tion may also be obtained with a suspension having a different 
bacterial population. It is possible to calculate the frequency 
with which this combination will occur for all possible popula- 
tions, and thus obtain data that may be used for the plotting of a 
curve. From the equation of this curve, it is possible to deter- 
mine the standard deviation or the probability that an experi- 
mental result lies between certain arbitrary limits, and thus 
determine the reasonable limits of accuracy. This method has 
been used by other investigators, notably McCrady (1915), Stein 
(1919), Greenwood and Yule (1917), and Reed (1925). 
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This method has serious disadvantages for the investigator who 
desires to apply it. In the first place, the equations for the distri- 
bution curves are very complex, so that it is not an easy matter 
to integrate them between arbitrary limits. Secondly, when a 
large number of tubes are used in each dilution, there are a very 
large number of possible combinations, and for each there is a 
different curve and equation. 

To follow the second method of approach, let us assume that 
a large number (approaching infinity) of determinations are made 
on a single suspension. When this is done, all possible combina- 
tions will be obtained. For each combination one can determine 
the most probable number of bacteria per cubic centimeter. This 
may be regarded as the experimental result. From such an ex- 
periment the hypothetical experimental results will arrange them- 
selves in a distribution, the mode of which represents the actual 
population and the range of which will be a measure of the ac- 
curacy. Of course it is obvious that such an experiment is not 
practical, but by following the equations developed in the first 
paper in this series it is possible to calculate such data. These 
calculations can be made from the general equation: 


n,! n,! n;! 
log P = log —— + log —— + log ——...... — x(ayq: + a2q2 + asqs...) 
. “ Pilg! " P2'q:! ad ps!qa! mn = “fs 





log e + p; log (1 — ¢ “*) + plog (1 — ec ™”) + pr log (1 — e ™) 


To determine the frequency of occurrence of the various combi- 
nations on a given suspension, we keep z constant at some given 
value and calculate P for all possible values of pipsp; . . . . This 
may be done readily by using the values of log (1 — e-*) in 
table 1 of the first paper in this series. 

For the case of three dilutions with ten tubes in each, the cal- 
culations have been made for the following values of z: 0.15, 
0.25, 0.5, and 1.5. The most probable values of x that would be 
reported for the different combinations of p,, p: and p; have been 
calculated. In this way we get the values of z that would be 
obtained in individual experiments if the experiment were. per- 
formed a large number of times on a solution containing the num- 
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ber of organisms specified by definition. From the distribution 
of values of x and their respective frequencies the standard devia- 
tion may be obtained by the ordinary method. 

je 


N 


s= 


¢= V3? — m 


when f = frequency, Z = deviations from mode, N = total num- 

ber of tests or total frequency, and m = difference between mode 
+ . ° . ° , 8 

and mean. From this the coefficient of variation, V’ = . 

x(mode) 

o 





100 and V = ————— - 100 as well as the percentage of deviation 
z(mean) 


from the mode that would include 97 per cent of the data, have 
been determined. 

Since these values of z really represent the modes of a family of 
curves, they do not follow a smooth graph. It is not possible, 
therefore, to plot a curve upon which all of these values will fall, 
but it is possible to plot one that will inclose all the values of z. 
These curves give a mental impression of how the values of z 
scatter about the mode. 

In table 1 are given the calculated data of the frequencies of 
various values of z that could be expected if an infinite number of 
determinations were made on solutions containing 0.15, 0.25, 0.5 
and 1.5 organisms per cubic centimeter, using ten tubes in each 
of three dilutions. 

Figure 1 shows graphically the frequency distribution of these 
data. In these graphs, the frequency is plotted against the per- 
centage deviation from the mode, so that the different curves are 
on a comparable scale. 

An examination of the curves and values of the coefficient of 
variation shows that the distribution of the different values in 
the different suspensions is practically independent of the value 
of the mode. This emphasizes the advantage of using three dilu- 
tions to determine the bacterial population instead of only one. 
In case only one dilution is used, it has been shown that the fre- 
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quency distribution depends upon the mode. When the coeffi- 
cient of variation is independent of the mode and dependent only 


TABLE 1 
Effect of different modes upon the frequency distribution of the most probable number 
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upon the number of times an experiment is repeated, the calcula- 
tion of errors is very much easier. 
Since the above considerations indicate that the accuracy is 
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independent of the bacterial population when three dilutions 
are used, it becomes desirable to see how it varies with the num- 
ber of tubes used in each dilution. Calculations similar to the 
ones described above have therefore been made for the cases 
where 5 tubes, 20 tubes, and 40 tubes are used in each dilution. 
In each case the mode of x = 1.50 was used. The results of these 
calculations are to be found in table 2. 
14) 


Frequency in per cent. 











© "’ T? BO OO 0 x0 
Deviation of x in percentage of mode 


Fig, 1. Frequency DistriputTion Curves SHOWING FREQUENCY OF OcCURRENCE 
OF PERCENTAGE DEVIATION FROM THE Mope 


I mode = 0.15 bacteria per cubic centimeter 
II mode = 0.25 bacteria per cubic centimeter 
Ill mode = 0.50 bacteria per cubic centimeter 
IV mode = 1.50 bacteria per cubic centimeter 


An examination of the coefficient of variation and the percentage 
of deviation from the mode that would include 97 per cent of the 
data shows, as would be expected, that these values decrease as 
nis increased. The differences between the mode and the mean 
show how the skewness becomes less as n is increased. 

By plotting the percentage of variation from the mode that 
will include 97 per cent of the data for values both above and below 
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TABLE 2 
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The effect of the number of tubes in each dilution upon the frequency distribution of 


the most probable number 
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the mode against the number of tubes in each dilution, curves are 
obtained that show clearly how the errors decrease as n is in- 
creased. These curves are shown in figure 2. 


160 








Deviations above mode 





ations below mode 


Number of tubes in each dilution 







Percent. deviation from mode 


Fig, 2. DEVIATIONS FROM THE MopeE THAT WILL INCLUDE 97 Per Cent or Data 
OBTAINED wiTH N Tuses 1n Eacu or THREE DILUTIONS 


Figure 2 was constructed by using the values obtained in the 
calculation of tables 1 and 2, thus giving points on the curve up 
to the case of 40 tubes in each dilution. To simplify the calcu- 
lations in the case of 160 tubes in each dilution, it was assumed 
that with this number of tubes the distribution would be practi- 








566 H. O. HALVORSON AND N. R. ZIEGLER 


cally symmetrical and that the accuracy would be equal to the 
maximum accuracy obtainable with a single dilution. The stand- 
ard deviation was then calculated as indicated in the second 
paper of this series, and twice the standard deviation was used as 
a deviation that would include 97 per cent of the data. It is 
believed that this asssumption does not introduce any serious error 
in this portion of the curve. 

The curves show that a marked decrease in errors occurs as n is 
increased from 5 to 20, while further increases in n produce only 
slight increases in accuracy. The curves also show how the skew- 
ness becomes less as n is increased. These two curves will of 
course meet when a symmetrical distribution is produced. The 
curves in figure 2 practically meet when n becomes 40 or slightly 
greater. 

As an aid in the use of these curves, the following problem 
and its solution is offered: 


Forty tubes of broth are inoculated with 0.01 ec. of a suspension, 40 
tubes with 0.001 cc., and 40 tubes with 0.0001 cc. Of the first series 40 
show growth; of the second, 27; of the third, 2. 

What is the most probable number of bacteria per cubic centimeter, 
and within what range has the actual bacterial population been estab- 
lished? 

Solution of most probable number (based on general formula 8 in first 
article in series)! 

Given: p, = 40, pp = 27, ps = 2;n = 40; a, = .01, a, = .001, a; = 
.0001. 

In this case the general formula becomes: 

.01°40 .001°27 .0001°2 


—> + ae + —eeiz = -01'40 + .001°40 + .0001°40 = .444 
1 —e l-—e l—e 





From Table 2 (paper I), z can be found by trial and error: 


For az = 10, x 0.1, , the formula 
becomes: .4 X 1.000 + .027 X 1.581 + .0002 X 10.508 = .4437 
For az = 9.95, 995, 0995 , the formula 


becomes: .4 X 1.000 + .027 X 1.586 + .0002 < 10.558 = .4449 





! For further reference on solutions of typical problems, the reader is referred 
to Quantitative Bacteriology by Halvorson and Ziegler, published by the Burgess 
Publishing Company, Minneapolis, Minn. 
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Therefore: the correct value for .001z lies between 1 and .995. By 
interpolation, the correct value is .999. 

Since .00lz = .999, z = 999 bacteria per cubic centimeter. 

Solution of range of accuracy: 

Figure shows the errors that may be expected in individual deter- 
minations. When 40 tubes are used in each dilution, the curve shows 
that the value obtained may be too high by 47 per cent or too low by 
38 per cent of the true value. 

The upper limit, %,, of the range may be found by assuming that 999 
is too low by 38 per cent of the actual value, and the lower limit, #,, 
may be found by assuming that 999 is too high by 47 per cent of the 
actual value. 

Thus: 


Z, + .47z, = 999 
zi = 680 

and 
Ze — .38Z, = 999 


1611 


8! 
Hl 


Since the deviations indicated in the curves of figure 1 are those that 
will include 97 per cent of the data, we may conclude that we are 97 per 
cent certain that the actual value lies between the limits of 680 and 
1610. 


SUMMARY 


Evidence has been presented in support of the thesis that when 
three effective dilutions are used to determine the bacterial popu- 
lation, the accuracy is independent of the number of organisms, 
and dependent only on the number of tubes used in each dilution. 

A simple method is offered for the evaluation of the accuracy 
of data when three dilutions are used. 
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Recently the writer has had occasion to look over a large 
number of names of bacteria. It was immediately apparent 
that there was considerable diversity in conceptions of the gender 
of the various generic names. 

According to the International Rules of Botanical Nomencla- 
ture as revised in 1930, the following represent the chief rules in 
relation to generic names (for the purposes of this paper, at least). 


Art 7. Scientific names of all groups should be in Latin or Greek. 
When taken from any language other than Latin, or formed in an 
arbitrary manner, they are treated as if they were Latin. Latin termi- 
nations should be used as far as possible for new names. 

Art 57 ter (I). A Greek or Latin word adopted as a generic name 
retains the gender given by the author. (This refers to the older names.) 

(JI) Generic names which are modern compounds formed from two 
or more Greek or Latin words take the gender of the last. (Italics are 
the present writer’s.) 


The changes evident in these rules from those adopted in 1910 
are supplementary and interpretative rather than fundamental. 
For example Article 7 in the 1910 rules stated that ‘Scientific 
names are in Latin for all groups,” despite the fact that a large 
number of Greek names dating from Linnaeus to the present 
were accepted without question; and Article 57, while ruling on 
the spelling of a name, entirely neglected the question of gender. 

Reference to original publications and to Latin and Greek 
grammars shows that the names of most genera of bacteria 
(Schizomycetes) whether of simple or compound types, agree 
with both parts of rule 57 ter; and demonstrate the comparative 
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simplicity of determining the correct gender for nearly all generic 
names in use at present. An examination of these names as given 
in Bergey’s Manual of Determinative Bacteriology, 3rd edition, 
1930, showed that the generic names in use there can be classed 
in a comparatively small number of groups. Unfortunately a 
few of the genera listed in the manual are given the wrong gender 
and others are confused by having species of different genders in 
the same genus. The correct gender is here assigned. 


I. The majority of generic names of bacteria are feminine follow- 
ing the general Latin rule concerning names of plants. These names 
include: 

(1) All those ending in a or ia (except one, Treponema, a neuter 
noun which is noted below). These are all Latin or Latinized nouns 
treated as belonging to the first declension; 

(2) Names ending in cystis from the feminine Greek noun xioris, 
a bag or pouch; 

(3) Names ending in thece from the Greek @xn, a feminine noun 
meaning a box, a case, a sheath, etc; 

(4) Names ending in thriz from the feminine Greek noun @pif, 
meaning hair, beard, wool, etc.; 

(5) Names ending in monas, a feminine Latin noun derived from the 
Greek yovas, a unit or monad. 

II. The masculine names include the following: 

(1) All names ending in us, including compounds of coccus, and 
bacillus,—these are regular Latin or Latinized nouns of the second 
Latin declension; 

(2) Names ending in io, following the special Latin rule that con- 
crete nouns of the third Latin declension, ending in io are masculine; 

(3) Names ending in myces from the masculine Greek noun ypixns, 
a fungus; 

(4) Certain adjectives used as nouns and ending in is or es,—there 
are three of these names, Fusiformis, Bacterioides, and Alcaligenes. 
According to Rule 57 ter (I) these must be considered masculine. 

III. The neuter nouns also include 4 groups: 

(1) Names ending in um, ium (or the Greek equivalent on),—these 
are regular second declension Latin (or Greek) nouns; 

(2) Names ending in er, including those words ending in bacter, 
from the Greek Baxrpov, a rod or staff, following the special Latin 
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rule that plant names of the third declension ending in er are 
neuter; 

(3) One name (Treponema, mentioned above) which is a compound 
of the neuter Latin word nema, a thread,—this is derived from the 
Greek word vjua, of the same meaning; 

(4) Combinations with the word nostoc which under Rule 57 ter (1) 
are neuter because Vaucher who first used the word gave it neuter 
gender. 


It should be further stated that the three adjectives mentioned 
in II (4) are very poor names. The International Rules recom- 
mend that such names be avoided. However, according to 
Article 24 “adjectives used as substantives”’ are allowed. This, 
of course, was adopted in order to take care of a few classical 
names that have been widely used. Moreover, the position of 
these three names is further strengthened by Article 50 which 
states that ‘‘A name or epithet must not be rejected, changed, or 
modified merely because it is badly chosen, or disagreeable, or 
because another is preferable or better known.” This article 
applies to other generic names of bacteria as well, for there are 
several that were obviously ‘“‘badly chosen”’ or for which other 
names might be “preferable.” 

Article 50 represents the conviction of most biologists that 
names of organisms are merely epithets of nomenclatural value 
and are to be considered not necessarily diagnostic, or descriptive, 
except in so far as they show groupings of species into genera or 
varieties into species. The technical diagnosis or description 
of the organism may show it to be quite different from what the 
name may appear to signify just as in human relationships the 
name White may refer to a group of related negroes and the name 
Black to a family of blond Europeans. The relationships shown 
by the names (or their nomenclatural status) is just as valid as 
though the names were also descriptive. 
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INTRODUCTION 


Although bacteriologists had used dyes in selective media since 
1902 when Conradi and Drigalski found that by adding gentian 
violet to lactose agar they could inhibit the growth of Gram- 
positive fecal strains, it was not until ten years later that the 
theoretical aspects of the phenomenon were given careful con- 
sideration. Churchman in 1912 observed that the addition of 
dye might produce one or more of the following symptoms: 
“cessation of motility, genisistasis, inhibition of sporulation, sus- 
pension of animation.’”’ He coined the term “bacteriostasis”’ to 
describe this action which he recognized to be characteristic of 
treatment with suitable concentrations of a variety of toxic 
compounds. 

Churchman concluded from his studies with gentian violet, 
that while about 90 per cent of the common Gram-positive or- 
ganisms are inhibited by concentrations of 1: 100,000, only 10 per 
cent of the Gram-negative species are affected by this concentra- 
tion of dye. These observations have been extended by many 
workers. In 1928 Sartorius very carefully compared the behavior 
of members of the colon-typhoid-dysentery group and found that, 
even within a species, strains which were relatively sensitive to 
one basic dye were also relatively sensitive to other basic dyes. 
In an attempt to explain data of this nature, Churchman ad- 


1 Nancy Skinner Clark Fellow from Vassar College, 1931-1932. Annie Gorham 
Fellow, 1932-1933. 
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vanced the hypothesis that the dye action depended on the satura- 
tion of specific protoplasmic groups which had an affinity for the 
dye molecule. He later (1921) abandoned this position, conclud- 
ing that physical as well as chemical factors must be included in 
any adequate explanation of dye-stasis. He has turned his at- 
tention with Schumacher (1926), Benians (1919), Burke and 
Barnes (1929) and others to a possible mechanical difference 
between the cell membranes of the organisms in question. The 
results of these studies, however, appear so incomplete, so con- 
flicting and so unconvincing, and the difficulties which they en- 
counter are so much more easily overcome by other hypotheses, 
that further discussion here will be omitted. 

Traube in 1912 made the fundamental observation that by 
adding sodium bicarbonate to his gentian violet, he obtained a 
more active solution. Confirmation of this and related phenom- 
ena led Stearn and Stearn (1928)? to elaborate a physico-chemi- 
cal theory of dye action which meets many of Churchman’s 
objections, and is further supported by their own experimental 
results. These investigators postulate an amphoteric cell which 
behaves toward dyes as does nucleic acid, forming an un-ionized 
complex with the dye radical. In alkaline solutions the cell is 
readily flocculated or stained by basic dyes, while below a certain 
pH range acid dyes are the effective agents. Differences in 
isoelectric point account for species differences in flocculation, 
staining, and static behavior. The data of the Stearns indicate 
that basic dyes are bacteriostatically more active in alkaline 
solutions, and acid dyes in acid solutions. Further, reversal of 
reaction modifies a stasis which may have previously been main- 
tained for many hours. The objection that other more highly 
charged ions should be more effective than the dye ions, is met by 
data indicating that such ions do not form un-ionized complexes. 
The neutralizing effect of serum, bile, yeast cells or large inocula 
they explain as the result of a reduction in effective dye concen- 
tration due to combination of dye ions with these added elements. 


? In this monograph Stearn and Stearn summarize their previous publications 
in this field. 
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Data presented by Quastel and Wheatley in 1931, comparing the 
effect of dye-stuffs on the oxidation of a number of substrates by 
E. coli, and showing that basic but not acidic dyes were toxic to 
this mechanism, may be interpreted as confirmatory evidence. 

This physico-chemical rationalization offers no satisfactory ex- 
planation for the fact that the Gram-positive anaerobes are com- 
monly very dye-tolerant. It is contradicted by the fact that 
those species which are most sensitive to basic dyes are also most 
sensitive to acid dyes, and it offers no solution of several additional 
problems encountered in the experimental work described below. 

René Dubos in 1929 studied the toxic effect of methylene blue 
and found that the dye system was reduced in certain media and 
that the reduced dye was no longer toxic. Since such a system 
would tend to poise the medium, Dubos concluded that the toxic 
action of methylene blue depended almost entirely on its ability 
to poise the oxidation-reduction potential at a point unfavorable 
for growth. 

There are some reports in the literature which indicate that 
gentian violet acts similarly. For example, those organisms 
which have been reported to possess a powerful reducing mecha- 
nism, whether they be Gram-positive or Gram-negative, are gen- 
tian-violet tolerant. M’Leod’s (1925) arrangement of common 
organisms in the order of their reducing ability, and Stearn and 
Stearn’s determination of the dye-sensitivity of these organisms 
place them in the same relative order. Sartorius noted that dye- 
tolerance within the colon-typhoid-dysentery group could always 
be correlated with catalase production. In other words, organ- 
isms equipped to overcome unfavorable potentials are relatively 
insensitive to dye. Moreover, agents such as serum, bile, or 
dead cells which would favor a reduction of potential, such as is 
necessary for the growth of many organisms in ordinary media, 
are known to counteract the action of dye. 

The experimental evidence to be presented was obtained with 
these facts in mind. No attempt is made to give the data in full 
but results which are typical and illustrative of the principles 
involved, have been selected. 
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EXPERIMENTAL 


The gentian violet used was crystal violet manufactured by the 
National Aniline and Chemical Company, Inc., and certified by 
the commission on standardization of Biological Stains. The 
peptone medium consisted of: 


lls I ae aS ae detihinnataha as shale 0.5 gram 
DEL? “CLe, son dawaes hae Saebkease ae ete ae wes eentes 0.2 gram 
hates a oae ba cd bbe eed ou Oh RPC RRIN bs pada dee ok) es 0.1 gram 
RN icin cits aia hie beta aie bath cas, ected ine 0.5 gram 
EE re ae PEP FOr ey Senn Eee 10.0 grams 
TC 0646 hos i adractawe wks henekie maaan dies aches 5.0 grams 
RE ee ae eee ny Ree en, Sek re eer 1000 ce. 


The potassium nitrate medium was made by substituting 1.0 
gram KNO; for the peptone. Yeast water medium (100.0 ce. of 
yeast water per liter) was also used. A fourth medium was made 
by adding the mineral salts and glucose to veal infusion broth.‘ 
All media were adjusted to pH 7 unless otherwise specified. Cul- 
tures were incubated at 30°C. 


I. The effect of gentian violet on growth and fermentation 


Growth curves were obtained by plating and by Breed’s method 
for E. coli, S. marcescens, Cl. acetobutylicum and B. subtilis. The 
results indicate, as is shown in figure 1, that bacteriostatic con- 
centrations of gentian-violet prolong the lag phase but do not 
modify subsequent growth. The rate of sugar destruction by 
these organisms was determined by the Stiles-Peterson-Fred 
(1926) modification of the Schaffer-Hartman method. These 
studies together with acidity curves and in the case of E. coli, gas 
ratios, confirmed the conclusions drawn from the growth curves, 
that the dye did not affect growth after logarithmic multiplica- 
tion had been initiated. 


II. Termination of the lag phase 


If the dye abruptly loses its toxicity at the end of the lag phase, 
one of three things must have happened. Either the dye has been 


* Aqueous extract of starch-free brewers’ yeast—10 per cent wet weight, 
steamed two to three hours, sterilized and allowed to settle. 

* One liter of infusion from 1} pounds of veal extracted in cold water over 
night. 
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chemically modified or physically removed from solution, or the 
cells have undergone some transformation, or some other adjust- 
ment has been made which indirectly modifies the action of the 
dye on the cells. 

By filtering out the cells at the beginning of the logarithmic 
phase, and inoculating the filtrate, one finds that the filtrate is 
approximately as toxic as the initial dye medium. Berkefeld 
filters are not suitable since they selectively adsorb basic dyes. 


LOGARITHM 
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Fic. 1. Growta Curves or E. Cour in Yeast-WaTerR MEpiIUM WITH VARYING 
CONCENTRATIONS OF GENTIAN VIOLET 


To obviate this, thin viscose sacs were tried and found to remove a 
negligible proportion of dye if at least 100 cc. of a 1:200,000 
dilution was filtered through a small sac. The toxicity of the 
filtrate obtained in this manner is illustrated in table 1. The 
small shortening of the lag in the filtrate from flask 2 is not more 
than would be expected on the basis of the quantity of dye re- 
moved during the filtering process. Evidently the dye has not 
been significantly changed in bacteriostatic ability during the 
lag phase. 
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It is equally easy to show that the cells do not undergo a trans- 
formation during the lag. It is true that if freshly isolated strains 
are used, a certain selective process may occur resulting in a 
strain which initiates growth more quickly in dye-medium than 
did the original inoculum, but when strains are used which have 
been replated several times, no such phenomenon is observed. 
Strains of B. subtilis, E. coli, Str. lactis, and S. marcescens were 
carried for two months in liquid and on solid dye and control 
media. At the end of this time no difference could be detected 
in the sensitivity of any of these strains. 


TABLE 1 
The effect of growth on dye-toxicity 





LENGTH 





FLASK 
NUMBER MEDIUM OF LAG 
| we 
1 Yeast-water medium without dye, inoculated at 0 hours* 8 
Yeast-water medium plus gentian violet 1:200,000, inocu- 19 
lated at 0 hours 
3 Medium from flask 1 filtered at end of 9th hour and inocu- 8 
lated 21st hour 
4 Medium from flask 2 filtered at end of 20th hour and inocu- 18 
lated 21st hour 
5 Control on inoculum. Yeast-water medium with gentian 19 
violet 1:200,000, inoculated 21st hour 











* Inoculum = 1 cc. of a water suspension of S. marcescens. 





III. Collodion sac experiments 


A thin collodion sac was used which permitted the free ex- 
change of dye-KNO;-medium, but was not permeable to bacterial 
cells or complex reducing compounds liberated by them. Twenty 
cubic centimeters of medium within the sac and 180 ec. without 
were each inoculated with an equal number of cells, making the 
number per cubic centimeter within the sac considerably greater 
than the number per cubic centimeter without. Under suitable 
conditions, growth and a low oxidation-reduction potential were 
observed within the sac, while no sign of bacterial activity could 
be detected in the surrounding medium. Clearly the initiation of 
growth takes place not because the effective dye concentration 
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has been reduced (the membrane is permeable to dye) but be- 
cause cells in concentration have brought about local conditions 
which minimize dye action. In several cases if the sac was broken 
soon after logarithmic growth within had been achieved, no fur- 
ther multiplication ensued. This was performed with S. mar- 
cescens. Before breaking the sac the potential within fell to 
—0.18 volts (pH 6.7) to the normal hydrogen electrode. After 
mixing the contents with the outer medium, the potential was 
+0.21 volts (pH 6.7) and no subsequent reduction was observed. 

This experiment indicates that “communal activity” which as 
Churchman pointed out (1921), greatly modifies the bacteriostatic 
action of dyes, cannot be attributed solely to an adsorption of dye 
molecules or ions by the cells. The cells, when present in suffici- 
ent numbers, overcome the action of the dye by some other 
mechanism. Therefore the stoichiometric relationships alone do 
not determine the results. 


IV. The effect of gentian violet on the oxidation-reduction potential 


Allyn and Baldwin in 1930 called attention to the importance 
of the oxidation-reduction potential in determining the length of 
the lag. Frazier and Whittier in 1931 concluded from their 
studies on growth of various organisms in milk that the beginning 
of the logarithmic growth phase practically coincides with a 
swift fall in potential. This was also observed in the course of 
these experiments, although occasionally the potential drop did 
not occur until several hours after the termination of the lag. 
Invariably, agents which opposed the potential changes brought 
about by the inoculated cells in the early stages of growth pro- 
longed the lag. Potentiometric studies were therefore under- 
taken to determine whether gentian violet could modify the oxida- 
tion-reduction potential and thus inhibit growth initiation. 

A vacuum tube potentiometer similar to that described by 
Allyn and Baldwin in 1932 was used in these experiments. Two 
or three bright platinum electrodes which had previously been 
checked in distilled water were set up in each tube of medium. 
Readings were accurate to about 0.001 volt. Gentian violet in 
bacteriostatic concentrations did not significantly change the 
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oxidation-reduction potentials of the yeast-water-glucose or pep- 
tone-glucose media. The potential of the original dye solution 
was, in fact, approximately that of these two media. 
However, gentian violet is easily oxidized or reduced to color- 
less compounds, and these reactions are or are not reversible 
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depending on how far they proceed in any one direction. There- 
fore, the dye may act as a poising agent in the sense that oxidiz- 
ing or reducing agents may have less effect on the potential in 
the presence of dye than in its absence as shown in figure 2. 
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In so far as cells must adjust the potential before initiating 
growth, the presence of such a poising agent as gentian violet 
would tend to prolong the lag phase. 

Figure 3 illustrates the extent to which oxidized dye products 
maintain a high potential. It will be noted that the addition 
of peroxide brings about a high potential which is further in- 
creased in the presence of glucose. No explanation is offered for 
this fact which was repeatedly observed. Oxidized products are 
formed more readily in alkaline than in acid media. In n/100 
NaOH, gentian violet 1:10,000 is decolorized in air at room tem- 
perature within thirty minutes. In distilled water hydrogen 
peroxide 1:10 requires about six hours to decolorize the dye, while 
in N/1000 HCI, superoxol 1:1 does not bring about decolorization 
in twenty-four hours. Reduced iron dust checks such decolori- 
zations. The explanation of this relationship between reaction 
and oxidation may possibly be found in the following equation: 


OH 


es F eo gt 
(CH):NC  >—C <> N(CH,): = (CH):N® S—C < N(CH: 
| 


0 + NaOH + NaCl 


N(CH,).Cl N(CHs)2 


Gentian violet Leuco base 


Alkali and oxygen lead to the formation of colorless compounds. 
Therefore gentian violet in alkaline media or at aerated surfaces 
may be in a very different state than in more acid media or at a 
more reduced oxygen tension. These facts must be taken into 
consideration in comparing the action of the dye at different hy- 
drogen ion concentrations, or the dye-sensitivity of aerobic and 
of facultative bacterial species. However, the fundamental con- 
clusion arrived at through these potentiometric studies, is that 
gentian violet in bacteriostatic concentrations acts as a poising 
agent and conceivably might inhibit growth through this mecha- 
nism. The following experiments were undertaken to determine 
whether this is indeed the case. 
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V. Quantitative method for determining bacteriostatic action 

Methods of estimating the dye-sensitivity of a given organism 
in a given medium, by finding the lowest concentration of dye 
which inhibits growth, are unsatisfactory. The results depend 
on the size of the inoculum used, the time at which the observa- 
tion is made, and the normal lag of the organism in the medium. 
Conflicting results are often due to variations in one of these 
factors. An index which is independent of all three was obviously 
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It has been shown that the rate of growth subsequent to the 
lag is not affected by the presence of dye. Therefore, the time 
required to produce turbidity in a liquid medium is a simple func- 
tion of the lag since turbidity occurs after this phase is completed. 
Plotting the time to produce turbidity against the logarithm of 
the number of cells inoculated into 10 ce. of medium, one obtains 
a straight line as shown in figure 4. Changes in dye concentra- 
tion change this line only with respect to its slope. The experi- 
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mental confirmation of this point is further proof of the fact that 













































dye affects growth only during the lag. The ratio of the slope of 
the line for a given dye concentration, to the slope of the line for 
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a control medium gives an index to the sensitivity of the strain 
tested, as is illustrated in figure 5. This index does not depend 
on the normal lag of the strain in the medium at the experimental 
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temperature, but is specific for the action of the dye. Agents 
may modify the lag but do not necessarily change the index. 
Temperature changes are a good example of this type. 

The experimental procedure is very simple. A series of 9 cc. 
water blanks are prepared and numbered 1, 2, 3 .... One 
cubic centimeter of the culture is pipetted into tube 1. This is 
shaken and 1 cc. from tube 1 is carried to tube 2, and so forth, 
as in preparing for plate counts. From each of these dilutions 
1 ce. is inoculated into duplicate 9 cc. quantities of medium with 
and without dye. The tubes are incubated at constant tempera- 
ture and must be observed frequently. They should be com- 
pared with barium sulphate suspensions with and without dye, 
to detect the critical turbidity accurately. The numbers on the 
original dilution tubes may be used along the ordinate since these 
are proportional to the logarithms of the number of cells inocu- 
lated. The time to produce turbidity is plotted along the ab- 
scissa. Reference to figures 4 and 5 should make this clear. 
It is essential to measure all volumes accurately. The value of 
the method lies in its sensitivity, and inaccuracy masks all evi- 
dence of a straight-line relationship. The indices obtained were 
easily reproducible. 


VI. Variation of index with type of organism 


An index of unity would indicate that the dye had no effect on 
the lag. As the concentration of the dye is increased the index 
becomes smaller. In comparing the indices of any two organisms, 
the concentration of dye must be stated. Since the index varies 
with the medium and with the organism, the actual figures ob- 
tained are of value only in comparing different media with the 
same strain or different strains in the same medium. The straight 
line relationship between the logarithm of the inoculum and the 
time to produce turbidity was observed with each of the follow- 
ing organisms which are arranged roughly in order of increasing 
sensitivity. Only one strain was studied in most cases and often 
two organisms gave indices insignificantly different. 

Clostridium acetobutylicum Bacterium radiobacter 


Pseudomonas pyocyancus Acetobacter acetonicum 
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Clostridium pasteurianum Saccharomyces cerevisiae 
Aerobacter aerogenes Bacterium herbicola 
Serratia marcescens Bacterium acidi-lactici 
Escherichia communior Staphylococcus aureus 
Escherichia coli Staphylococcus albus 
Pseudomonas fluorescens Streptococcus lactis 
Pseudomonas aeruginosa Bacillus megatherium 
Pseudomonas phosphorescens Bacillus anthracoides 
Chromobacterium violaceans Torula monosa 
Rhizobium trifolii Monilia psilosis 


In those cases where species of the same genus were compared 
by this method and by the older method which depended on ob- 
serving the lowest concentration of dye which inhibited growth, 
it was generally found that whereas the older method differen- 
tiated quite clearly between the several species, their indices 


TABLE 2 
The effect of pH on the dye index of S. marcescens in yeast-water glucose medium 
7 ; Gat ae | 








GENTIAN VIOLET | GENTIAN VIOLET BASIC FUCHSIN ACID FUCHSIN 
pH 1:50, 000 1: 100, 000 1:10, 000 1:10, 000 
6 0.76 0.43 0.75 

7 0.12 0.37 0.38 0.72 

8 0.28 0.30 0.51 





were the same. In such cases those strains which appeared 
more dye-tolerant by the older method exhibited a relatively 
short lag in both the control and the dye media. The older 
method, therefore, may be more useful in certain types of differ- 
ential procedures but the differentiation is not based on any spe- 
cific dye sensitivity. In studying the mechanism of dye action, 
the use of the older method introduces confusing sources of error. 

As stated in section II, all attempts to change the sensitivity 
of various strains were unsuccessful. Freshly isolated strains 
which appeared by the older methods to become more dye-toler- 
ant exhibited a constant index. This work points to the stability 
of the property which might be termed dye-sensitivity. 


VII. The effect of the hydrogen-ion concentration on the dye index 


One of the factors which does affect the dye-index is the hydro- 
gen-ion concentration. Typical results are given in table 2 for 
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S. marcescens, an organism which was particularly responsive to 
these changes. Encapsulated organisms such as Rh. trifolii seemed 
much less sensitive to changes in pH; RA. trifolii, on the other 
hand was particularly sensitive to potential changes such as will 
be discussed in section IX. As reported by Stearn and Stearn 
(1928), gentian violet and basic fuchsin are more effective in 
alkaline than in acid solutions. However, it will be noted that 
acid fuchsin is also more effective in the more alkaline medium. 
Similar results were obtained consistently in the yeast-water and 
peptone media with various organisms. ‘The experiments were 
then extended to include the following dyes: 


Basic dyes Acid dyes 
Gentian violet Acid fuchsin 
Basic fuchsin Congo red 
Brilliant green Fluorescein 
Rosanilin Eosin 
Safranin 
Methylene blue 
Thionin 


As has often been noted, the basic dyes were uniformly more toxic 
than the acid dyes. With the basic dyes the correlation between 
pH and dye-index was always striking whereas sometimes with 
the acid dyes there was little change of index with wide changes 
of hydrogen ion concentration. However, the acidic as well as 
the basic dyes were invariably more toxic in alkaline media. 
Two differences between this technique and that employed by 
Stearn and Stearn in 1926 seemed significant. First, the most alka- 
line medium which they used with the acidic dyes was buffered 
at pH 7.1 which is about the optimum for growth of the organisms. 
Had they extended their observations as far from the optimum 
pH on the alkaline side as on the acid side, it is possible that their 
conclusions might have been modified. Second, they do not 
estimate the effect of the buffers on growth in the absence of dye, 
although this effect may exaggerate or minimize their results. 
Their statement (1926) that the total amount of growth as well 
as the limiting dilution of dye varied with the pH, indicates that 
this is not negligible. For these two reasons, the technique 
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here recommended seems preferable. The results obtained by 
this technique show that the bacteriostatic action of dyes is a 
function of the hydrogen ion concentration, but that acidic and 
basic dyes behave, qualitatively, in the same manner. Two 
interpretations are possible. Either, one must conclude that 
these observations refute the hypothesis that dyes act through 
the formation of un-ionized complexes with an amphoteric proto- 
plasmic constituent, or one may reason that bacteriostasis de- 
pends on several mechanisms, more than one of which is affected 
by changes in pH. Both the Stearn and Stearn dye-protein sys- 
tem and the oxidation-reduction system may be involved. With 
basic dyes the two effects would be additive, whereas with acidic 


TABLE 3 
Variations in oxidation-reduction potential and dye-index with N sources 





OXIDATION-REDUCTION 8. MARCESCENS 











N-souRcE IN GLUCOSE-MINERAL SALT MEDIUM AT POTENTIAL. VOLTS DYE INDEX WITH 
pH 7.0 TO NORMAL GENTIAN VIOLET 
HYDROGEN ELECTRODE 
ea ..| +0.45 to +0.55 0.12 
A GRR. non ss coriendsseses senseeceeeee| $0.35 to 40.45 0.24 
ea een a ....| +0.20 to +0.30 0.75 
Veal infusion (fresh)................ ....-| $0.00 to +0.05 0.96 


| 





dyes they would counterbalance each other since acid solutions 
would favor cell combinations with acid dyes but would hinder 
the formation of oxidized dye products which would poise the 
medium at very high potentials. 


VIII. Changes of dye-index with nitrogenous source 


Wide variations in dye-index could be obtained at pH 7 by 
varying the nitrogenous source, as is shown in table 3. S. 
marcescens lowers the potential of each of these media to about 
—0.15 volt (pH 6.8) to the normal hydrogen electrode before 
logarithmic growth ensues. There is a consistent correlation 
between the potential adjustment required and the effectiveness 
of the dye. The greater the adjustment which must be made 
during the lag, the greater is the toxicity of the dye. However, 
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in varying the nitrogen source in this manner, so many factors 
beside the oxidation-reduction potential are involved, that no 
definite conclusions can be drawn from these experiments alone. 


IX. The effect of oxidizing and reducing agents on the dye index 


Potassium permanganate, hydrogen peroxide, cysteine and 
thioglycollic acid were used in adjusting the potential. Various 
combinations served to show that the observed inhibitions or 
stimulations were not due to the chemicals added but to the 
potentials which they produced. The potassium nitrate, pep- 
tone, and yeast-water media were used in each of these experi- 
ments. Observations were made on all the bacterial species 
listed in section VI. Two generalizations can be drawn from the 
data obtained. 


TABLE 4 
The effect of oxidation reduction potential on the dye-index of Staph. aureus 





PEPTONE-GLUCOSE MEDIUM + DYE INDEX 
Thioglycollic acid 1:2000 + gentian violet 1:500,000. . 0.59 
Thioglycollic acid 1:1000 + gentian violet 1:500,000. . | 0.43 


Hydrogen peroxide 1:100,000 + gentian violet 1:500,000. . 0.41 


First, at the potentials most favorable for growth initiation, the 
dye is least toxic. In other words, at the potential which gives 
the steepest control line, the indexisata maximum. ‘This is illus- 
trated for Staph. aureus in table 4. Thioglycollic acid 1:2000 
in the peptone-glucose medium used, produced a potential most 
favorable for growth initiation. These indices and all those 
which will be given in the course of this paper were obtained from 
actual graphs which confirm the straight line relationship. Pre- 
liminary observations of turbidity at different measured poten- 
tials indicated the optimum range. Dye-indices were then ob- 
tained at potentials above, below and within this range. 

The second generalization shows even more unmistakably the 
inter-relationship between dye-action and oxidation-reduction 
potential. If distinctly inhibiting concentrations of oxidizing or 
reducing agents are used, as in figure 6, the addition of dye will 
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stimulate growth giving an index greater than unity. Equally 
striking results were obtained with thioglycollic acid. S. marces- 
cens inocula which were completely inhibited in yeast-water glu- 
cose by concentrations of thioglycollic acid 1:500, could regularly 
initiate growth in the presence of gentian violet 1:50,000 with 
concentrations of the reducing agent as high as 1:200. The 
conclusion that when the addition of dye brings about a more 
favorable potential, the dye will benefit growth, was further con- 
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firmed by petri plate experiments. Small agar blocks containing 
an inhibitive concentration of an oxidizing or reducing agent were 
placed in sterile petri dishes. Media inoculated to give about 300 
colonies per plate were poured around the blocks. Growth in 
the controls might be completely inhibited for 4 cm. around the 
blocks, whereas in the dye medium the growth would approach 
within 1 em. The agar block technique was particularly satis- 
factory with peroxide which decomposed rapidly in the liquid 
media. The fact that two agents which independently inhibit 
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growth, counterbalance each other when so combined that their 
independent effects on the oxidation-reduction potential cancel 
each other, is a strong indication that they both affect growth 
through the oxidation-reduction mechanism. 


X. The effect of oxidation and reduction of the dye molecule 
on its toxicity 
Decolorization of gentian violet results in loss of toxicity if the 
product used is adjusted to the same potential as that of the 


TABLE 5 


The toxicity of decolorized gentian violet in yeast-water medium 
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Pseudo | | Bacil- 

a a CONCENTRA- | monas| Escherichia | Staphylococcus | “), 
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1:400,000 |+++/+++)/ ++] - | - | - 


Catnates 1: 40,000; ++ ]}++| - | - | - - 


Treated with iron dust at 


1:400,000 |+++|+++/+++] — | ~ 
3°C, 


1: 40,000 |+++/+++| -— | - 


| 
:400,000 |+++/+++/++4+/4++4/4++4|4+++ 
1: 40,000 |+++|+++|+++\+++4/+++4+|+4++ 





Treated with iron dust at 
55°C. 


| | 
1:400,000 |-+++ t+t|t+tit+t|++4]4++ 
1: 40,000 |+++|+++/++4/+++/4+++/4+++ 


| 
Control No dye |+++\/+++\+++|+++ ++4lee4 


Treated with hydrogen 
peroxide 


as 














+ = growth with 1:100 dilution of inoculum. ++ = growth with 1:1000 
dilution of inoculum. +++ = growth with 1:10,000 dilution of inoculum. 


medium to which it is added. Water solutions of gentian violet 
1:1000 were steamed with H,O, or in air under alkaline con- 
ditions until decolorization had taken place, and the steaming was 
continued until the potential had fallen to” its original value. 
Decolorized reduction products were obtained by treatment with 
reduced iron dust. Equal quantities of iron were added to two 
water solutions of gentian violet 1:1000. One solution was held 
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for twelve hours at 55°C. where decolorization proceeded rapidly. 
The other was kept at 3°C. and at the end of twelve hours no 
change in color was observed. Table 5 gives the data obtained 
with these various dye solutions. Three dilutions of a twenty- 
four-hour broth culture were used. The solution treated with 
reduced iron dust, but held at 3°C. where reduction was prevented, 
controls any toxic effect which the iron dust might exert. It is 
difficult to know to what the discrepancy between these results 
and those which Stearn and Stearn reported in 1930 may be as- 
cribed unless there was enough H,0, and Zn used in treating 
their dye solutions to inhibit growth in the presence of the very 
slightly toxic dye products, although not sufficient to show up in 
their controls. These results indicate that where the dye is re- 
duced, it loses its toxicity. Corroborative evidence is found in 
the fact that gentian violet may be added in concentrations up to 
1:100 to a fermenting culture of Cl. acetobutylicum without check- 
ing fermentation. In time the dye itself will be entirely and 
irreversibly decolorized, although for a short while after decolor- 
ization the color may be restored by heating in air. Decoloriza- 
tion by oxidation is a different phenomenon in that the products 
formed are often more potent than the oxidizing agent as was 
shown in figure 3, and therefore the medium may be poised at a 
potential very unfavorable for growth. This effect is not brought 
out in table 5 since the solution treated with H.O,. was steamed 
until such products had been destroyed. It seems not unlikely 
that the greater potency of dye in alkaline media may be at- 
tributed to the facile production of such oxidation products. The 
decolorization at pH’s above 8.2 is always apparent on incuba- 
tion and such decolorized media are better poised against reduc- 
tion with glucose or with thioglycollic acid than are more acid 
media in which no decolorization is evident. This holds for both 
acidic and bacic dyes. 


XI. The effect of other poising agents on the dye-index 


If the hypothesis proposed is correct, it should be possible to 
differentiate between bacterial species with other poising agents 
than gentian violet. This was found to be true for several dif- 
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ferent types, including acidic and basic dyes, quinhydrone and 
ferric salts, a fact which is not surprising when it is remembered 
that gentian violet exerted its poising action within rather wide 
limits. In one experiment dilutions of a saturated aqueous solu- 
tion of quinhydrone were added to yeast-water media. A con- 
centration of 1:1000 completely inhibited Str. lactis whereas 
1:10 was required in the case of E. coli. In another experiment, 
each of the organisms listed in section VI was studied in yeast- 
water at pH 6.0 with iron salts. The indices obtained with two 
of these, Str. lactis and E. coli are given in table 6. The effec- 
tiveness of the agent is seen to depend on the potential of the 
medium here as it did in the case of the dye. Evidently agents 


TABLE 6 


The bacteriostatic action of certain iron compounds 





| 
} | INITIAL OXIDATION 


| POISING AGENT. CONCENTRATION | REDUCTION POTEN- 
ORGANISM 1:1000 OF SATURATED AQUEOUS TIAL VOLTS TO INDEX 
| soLuTION pH 6 0 (30°C.) NORMAL HYDRO- 


GEN ELECTRODE 





Str. lactis | Mixture of ferric and ferrous | +0.24 0.56 
| ammonium sulphate 
Str. lactis Ferric ammonium sulphate | +0.35 0.13 
E. coli Mixture of ferrous and ferric | +0.24 0.85 
ammonium sulphate 
E. coli | Ferric ammonium sulphate | +0.35 0.42 
| Control yeast-water-glucose +0. 26 


which are chemically unrelated to the tri-phenyl-methane dyes 
but which are able to prolong the lag phase by counteracting the 
potential adjustments which would otherwise be accomplished by 
the inoculum during that phase, can differentiate between typical 
Gram-positive and Gram-negative organisms as does gentian 
violet. This confirms the suggestion made in the introduction 
that Gram-negative organisms are typically better able to adjust 
the potential than are Gram-positive organisms. 


DISCUSSION AND CONCLUSIONS 


These experimental facts, and in particular those showing that 
bacteriostatic concentrations of gentian violet act as poising 
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agents, that the dye is toxic only during the lag period when the 
cells are adjusting the oxidation-reduction potential, that the 
effectiveness of the dye depends on the initial oxidation-reduc- 
tion potential, that other poising agents act as does gentian violet, 
and that gentian violet may be beneficial in cases where it induces 
a more favorable potential, indicate that the bacteriostatic ac- 
tion of the dye is a function of its ability to poise the oxidation- 
reduction potential of the medium. These facts do not exclude 
the possibility that stasis may also depend on the formation of 
un-ionized dye-protein complexes as proposed by Stearn and 
Stearn. There are, indeed, many reasons for believing this to 
be the case, especially since that hypothesis so attractively corre- 
lates the static behavior of most organisms with their staining 
and flocculation reactions. On the assumption that other acidic 
and basic dyes behave as does gentian violet, it is interesting to 
consider the possible mechanisms involved in specific instances. 


Basic vs. acidic dyes 


Basic dyes are uniformly more toxic than acidic dyes at ordi- 
nary hydrogen ion concentrations. Since all the evidence at hand 
indicates that the isoelectric point of the cell constituents which 
react with the dye-ions, is at a pH considerably lower than that of 
the media usually employed, basic but not acidic dyes would be 
effective through the formation of un-ionized dye-cell complexes. 
Acidic dyes would rely only on their poising action to inhibit 
bacterial growth, whereas basic dyes would affect cell activities 
through both mechanisms, and therefore would be expected to 


possess greater toxicity. 
Effect of pH 


At very low pH’s, acidic dyes could affect certain organisms 
through the formation of dye-cell complexes and at these pH’s, 
basic dyes would be relatively ineffective. Stearn and Stearn 
evidently extended their observations through this range. At 
somewhat higher pH’s, the acidic dyes would lose their ability 
to form such complexes and from there on, as explained above, 
basic dyes would be more potent. As the medium becomes pro- 
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gressively more alkaline, the formation of oxidized dye products 
would be favored, and the poising action of both dyes would be 
enhanced. Basic dyes in an alkaline medium would be more 
toxic than in a neutral medium due, both to the greater tendency 
to form cell complexes, and to the maintenance of higher oxida- 
tion-reduction potentials. Acidic dyes would have somewhat less 
tendency to form cell complexes, but would be more toxic as pois- 
ing agents and therefore might, as observed, be more effective in 
alkaline than in neutral media. 


Obligate aerobes 


These organisms are generally strongly Gram-positive and 
therefore should be particularly sensitive to basic dyes through 
the ready formation of dye-cell complexes as pointed out by 
Stearn and Stearn. The bacteriostatic action of basic dyes in 
extremely high dilution is probably to be attributed almost en- 
tirely to this mechanism since the amount of dye required could 
have only a very slight effect on the oxidation-reduction potential. 
However, since these organisms initiate growth in the aerated 
surface layers of the medium where oxidation of the dye would be 
favored, and since they, as well as more anaerobic types may need 
to lower the potential, the poising action of added dyes may be- 
come an important factor, possibly the important factor in the 
case of the acidic dyes. The toxicity of acidic dyes does not in- 
crease to the same extent as does the toxicity of basic dyes in 
passing from facultative to obligately aerobic organisms. This 
might be explained on the assumption that the latter have their 
iso-electric point at a lower pH, and for this reason would be more 
sensitive to basic dyes, while the siightly greater toxicity of acidic 
dyes for this group can be ascribed only to their greater poising 
action in the presence of oxygen. However the fact noted by 
Churchman (1923) that these Gram-positive obligate aerobes 
are more sensitive to the bacteriostatic action of acidic dyes than 
are the facultative species might be interpreted to indicate the 
importance of the poising mechanism which would be more effec- 
tive at the conditions under which the former initiate growth. 
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Obligate anaerobes 


With a few exceptions, these organisms, although not charac- 
terized by iso-electric points at high pH’s, are extremely resistant 
to all dye action. There are several reasons for this. First, the 
media in which they are grown are commonly poised at low po- 
tentials by other constituents such as serum, liver, bile, etc., so 
that the poising action of the dye is not a limiting factor. In any 
event, the organisms are strong reducing agents themselves. 
The noted exception is Cl. tetani which is also exceptionally dye- 
sensitive. Basic dyes, then, can act on these organisms only 
through the formation of dye-cell complexes. There is also the 
observation that these organisms will destroy the dye partially 
or completely. It must further be remembered that in many 
media the constituents added to insure anaerobiosis form com- 
plexes with the dye, removing it from solution. 


Facultative organisms 


All of the factors discussed above enter into an explanation 
of the behavior of any one of these organisms. Their sensitivity 
in a given medium will depend partly on their iso-electric point, 
and partly on their reducing ability. 

Very probably additional mechanisms will be discovered and 
used in explaining many of these relationships. There is, how- 
ever, a decided value to be derived from traveling as far as pos- 
sible in the direction which present hypotheses suggest. To 
quote William Blake: “If the fool would persist in his folly, he 
would become wise.”’ 


SUMMARY 


1. Bacteriostatic concentrations of gentian violet affect growth 
only during the lag phase. 
a. Shown by growth curves. 
b. Shown by fermentation studies. 
2. The dye must affect the cells indirectly through a mecha- 
nism which is adjusted during the lag phase. 
a. Dye is unaltered at end of lag. 
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b. Cells are not modified during lag. 
c. Bacteriostasis does not depend solely and directly on 
a stoichiometric relationship between dye and cells. 

3. Bacteriostatic concentrations of gentian violet poise the 
oxidation-reduction potential of the medium within rather wide 
limits. 

a. Typical media are shown to be poised against both oxida- 
tion and reduction. 
b. Alkaline media are highly poised against reduction. 

4. A quantitative method of estimating bacteriostatic action 
was developed which has the following advantage: 

a. Index used to express dye-sensitivity is independent of 
size of inoculum and time of observation. 

b. Normal lag of strain is taken into account. 

c. Index is constant for given strain in given medium. 

d. Index depends on pH. Both acidic and basic dyes are 
more toxic in alkaline than in neutral media. 

e. Index depends on type of medium. 

5. Bacteriostatic action is related to the initial oxidation-reduc- 
tion potential and the poising action of the dye. 

a. At the optimum potential for growth-initiation, the dye 
is least toxic. 

b. Gentian violet benefits growth in media where its presence 
induces a more favorable potential. 

c. Gentian violet which has been decolorized by either 
oxidation or reduction, is practically non-toxic. 

6. Other poising agents used differentiate between bacterial 
species as does gentian violet. 

7. The bacteriostatic action of gentian violet is a function of its 
ability to poise the oxidation-reduction potential of the medium. 
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INTRODUCTION 


Although fusiform bacteria were first described approximately 
fifty years ago, our knowledge concerning them is still quite 
meager. ‘There are numerous publications regarding the charac- 
teristics of these organisms and their presence and rdle in Vin- 
cent’s angina and other ulcerative processes. For a general 
review of the literature the reader is referred to the doctorate 
dissertation of the senior author in the Yale University Library. 

Miller (1883) was probably the first to observe fusiform bac- 
teria in ulcerative processes. In his study of ulcerous stomatitis, 
he noted the presence of thread-forming organisms, thin granular 
bacilli and fine spirochetes. Babes (1893) observed a curved 
bacillus with pointed ends, often occurring in pairs or as thread 
forms, in stained preparations from badly infected gums. Plaut 
(1894) demonstrated the presence of organisms resembling Mil- 
ler’s bacilli and spirochetes in cases of angina. The bacilli had 
pointed ends and were always found associated with spirochetes. 

Vincent (1896), investigating the etiology of hospital gangrene, 
observed numerous bacillary forms having very thin ends, in 
the gangrenous material. Granules were often present. The 
bacilli were Gram-negative, and no spores could be detected. 
He also noted the presence of spirilla, which were associated with 
the bacilli in forty out of forty-seven cases of hospital gangrene. 
In exudates from ‘‘diphtheritic’”’ angina he was able to demonstrate 


1 This paper covers in part the work submitted to the Graduate School of Yale 
University by the senior author as part requirement for the degree of Doctor of 
Philosophy. 
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the presence of similar organisms, and since that time the term 
“Vincent’s angina” has often been used to designate this type of 
infection. Vincent’s investigations stimulated interest in the 
presence and rdle of fusiform bacilli in various pathological con- 
ditions, and numerous publications appeared within the next 
fifteen years dealing with this subject. 

Veillon and Zuber (1898) were the first apparently to isolate a 
pure culture of Bacillus fusiformis. Their organism, isolated 
from a case of appendicitis, was a pointed, Gram-negative, non- 
motile rod which often contained granules. It was anaerobic, 
and cultures gave off a fetid odor. A smal] abscess was produced 
in guinea pigs and in rabbits, on injection of the organism, but the 
abscess healed quickly without causing any severe symptoms in 
the animals. 

Tunnicliff (1906, 1911, 1919, 1923) published a series of papers 
on the isolation and study of fusiform bacteria from various sources. 
Isolations were made from the gums of healthy mouths, from cases 
of gingivitis and noma, and from a normal tonsil. She noted that 
the organisms exhibited various morphological forms in different 
media. Injection of pure cultures into animals gave negative 
results. She observed the transformation of bacilli into spirilla, 
in the pure cultures, and believed that the fusiform bacilli and 
spirilla are different stages in the life cycle of one organism. 

Krumwiede and Pratt (1913) isolated 15 strains of fusiform 
bacteria from different sources. They found that whole blood, 
serum or ascitic fluid was necessary for successful cultivation. 
They never encountered typical spirochetal forms in pure cultures. 
On the basis of fermentation reactions, the different strains fell 
into two groups, one fermenting only glucose, the other glucose 
and sucrose. No gas was detected at any time. 

Knorr (1922) isolated four strains of fusiform bacteria from 
carious teeth and from tartar. He classified these four strains 
into three types, based mostly on their morphological character- 
istics. He considered these types as belonging to the same genus, 
and suggested that the term “Fusobacterium’’ be used as the 
generic name for the fusiform bacteria. This was apparently the 
first attempt to apply a more appropriate generic name to this 
group than ‘‘Bacillus,’’ which had heretofore been used. 











SYSTEMATIC STUDY OF FUSIFORM BACTERIA 60] 


Varney (1927) studied 18 pure cultures isolated from various 
sources, and identified four different types, based on morphologi- 
cal and serological characteristics. Blood was added to all of 
his culture media, and anaerobic conditions were obtained by the 
phosphorus-burning method. His types III and IV could be 
identified by morphological appearances alone, but types I and 
Il, which vary greatly in size and shape, could be differentiated 
from each other only by serological tests. He was able to isolate 
a wavy type of fusiform bacteria which resembled true spirilla in 
some stages of its growth. It was non-motile and appeared only 
for a short time, having, he believed, no relation to true spirilla. 

Pratt (1927) found fusiform bacilli to be normally present in 
the throat of 100 per cent of the human beings, 100 per cent of 
the monkeys, 66 per cent of the guinea pigs, and 48 per cent of 
the rabbits examined by her. She attempted to purify her cul- 
tures by the use of gentian violet, brilliant green, and a mixture 
of the two, but was unsuccessful. Media to which ascitic fluid 
had been added were used for cultivation purposes. Her strains 
revealed two morphological types. They fell into two fermenta- 
tive groups, one acting upon glucose only, and the other attacking 
both glucose and sucrose. Complement-fixation tests failed to 
prove the existence of serological groups, each antigen fixing its 
homologous antiserum only. Spirochetes were never observed 
in her cultures, and she concluded that the fusiform bacilli and 
the spirochetes commonly found together are different organisms. 

In spite of the numerous papers that have been published on 
the fusiform bacteria, one is impressed with the meagerness of 
detailed and systematic information that has been acquired 
regarding these organisms. There is still considerable confusion 
as to their various characteristics and, indeed, it may be said 
that to many bacteriologists they are still almost entirely unknown 

This general lack of knowledge of fusiform bacteria is due, in a 
large measure, to the extreme difficulty which has been encoun- 
tered in their isolation and cultivation. Since they are non- 
spore-forming anaerobes, the methods used for the isolation of the 
spore-forming anaerobes are not entirely applicable. Occurring 
as they do in the mouth and in various pathological conditions, 
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the presence of similar organisms, and since that time the term 
“Vincent’s angina”’ has often been used to designate this type of 
infection. Vincent’s investigations stimulated interest in the 
presence and rdle of fusiform bacilli in various pathological con- 
ditions, and numerous publications appeared within the next 
fifteen years dealing with this subject. 

Veillon and Zuber (1898) were the first apparently to isolate a 
pure culture of Bacillus fusiformis. Their organism, isolated 
from a case of appendicitis, was a pointed, Gram-negative, non- 
motile rod which often contained granules. It was anaerobic, 
and cultures gave off a fetid odor. A small abscess was produced 
in guinea pigs and in rabbits, on injection of the organism, but the 
abscess healed quickly without causing any severe symptoms in 
the animals. 

Tunnicliff (1906, 1911, 1919, 1923) published a series of papers 
on the isolation and study of fusiform bacteria from various sources. 
Isolations were made from the gums of healthy mouths, from cases 
of gingivitis and noma, and from a normal tonsil. She noted that 
the organisms exhibited various morphological forms in different 
media. Injection of pure cultures into animals gave negative 
results. She observed the transformation of bacilli into spirilla, 
in the pure cultures, and believed that the fusiform bacilli and 
spirilla are different stages in the life cycle of one organism. 

Krumwiede and Pratt (1913) isolated 15 strains of fusiform 
bacteria from different sources. They found that whole blood, 
serum or ascitic fluid was necessary for successful cultivation. 
They never encountered typical spirochetal forms in pure cultures. 
On the basis of fermentation reactions, the different strains fell 
into two groups, one fermenting only glucose, the other glucose 
and sucrose. No gas was detected at any time. 

Knorr (1922) isolated four strains of fusiform bacteria from 
carious teeth and from tartar. He classified these four strains 
into three types, based mostly on their morphological character- 
istics. He considered these types as belonging to the same genus, 
and suggested that the term ‘Fusobacterium’ be used as the 
generic name for the fusiform bacteria. This was apparently the 
first attempt to apply a more appropriate generic name to this 
group than ‘“‘Bacillus,’’ which had heretofore been used. 
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Varney (1927) studied 18 pure cultures isolated from various 
sources, and identified four different types, based on morphologi- 
cal and serological characteristics. Blood was added to all of 
his culture media, and anaerobic conditions were obtained by the 
phosphorus-burning method. His types III and IV could be 
identified by morphological appearances alone, but types I and 
II, which vary greatly in size and shape, could be differentiated 
from each other only by serological tests. He was able to isolate 
a wavy type of fusiform bacteria which resembled true spirilla in 
some stages of its growth. It was non-motile and appeared only 
for a short time, having, he believed, no relation to true spirilla. 

Pratt (1927) found fusiform bacilli to be normally present in 
the throat of 100 per cent of the human beings, 100 per cent of 
the monkeys, 66 per cent of the guinea pigs, and 48 per cent of 
the rabbits examined by her. She attempted to purify her cul- 
tures by the use of gentian violet, brilliant green, and a mixture 
of the two, but was unsuccessful. Media to which ascitic fluid 
had been added were used for cultivation purposes. Her strains 
revealed two morphological types. They fell into two fermenta- 
tive groups, one acting upon glucose only, and the other attacking 
both glucose and sucrose. Complement-fixation tests failed to 
prove the existence of serological groups, each antigen fixing its 
homologous antiserum only. Spirochetes were never observed 
in her cultures, and she concluded that the fusiform bacilli and 
the spirochetes commonly found together are different organisms. 

In spite of the numerous papers that have been published on 
the fusiform bacteria, one is impressed with the meagerness of 
detailed and systematic information that has been acquired 
regarding these organisms. There is still considerable confusion 
as to their various characteristics and, indeed, it may be said 
that to many bacteriologists they are still almost entirely unknown. 

This general lack of knowledge of fusiform bacteria is due, in a 
large measure, to the extreme difficulty which has been encoun- 
tered in their isolation and cultivation. Since they are non- 
spore-forming anaerobes, the methods used for the isolation of the 
spore-forming anaerobes are not entirely applicable. Occurring 
as they do in the mouth and in various pathological conditions, 
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they are generally associated with numerous other types of bac- 
teria, which makes isolation very difficult. Successful growth has 
been obtained in the past only when blood, serum or some other 
body fluid has been added to the medium. Even with the addi- 
tion of these substances the growth was often scanty. 

In the present investigation attempts were made to develop 
more suitable methods and media for the isolation and cultiva- 
tion of fusiform bacteria. Considerable attention was given to 
the distribution of this group of anaerobes. A study was also 
made of the morphological, cultural, biochemical and serological 
characteristics of fifty-three strains isolated from various sources. 


EXPERIMENTAL 
Anaerobic technique 


There are numerous methods which may be used in the culti- 
vation of anaerobic bacteria. Naturally, all have their advan- 
tages and disadvantages, and the procedure to be followed 
depends largely upon the choice of the individual. Various 
methods were investigated by the writers to determine the one 
most suitable for the cultivation of the fusiform bacteria, namely 
(1) Wright’s alkaline pyrogallic acid method, (2) Varney’s phos- 
phorus-burning device (1926), and (3) the method in which anae- 
robic jars are exhausted by means of a powerful vacuum pump. 

Most satisfactory results were obtained when the last-named 
procedure was followed. This method, once the technique of 
manipulation is mastered, is as simple and gives as complete 
anaerobiosis as any of the other methods, particularly when the 
jars are alternately exhausted by a vacuum pump and recharged 
with carbon dioxide gas at least three or four times. In the 
cultivation of the fusiform bacteria this procedure was found to 
be of special value, since certain types of these organisms are 
definitely stimulated by carbon dioxide. Small amounts of this 
gas are left in the jar after the final exhaustion. 


Method of isolation and medium employed 


A study was made of the influence of various chemical inhibi- 
tory substances on the growth of the fusiform bacteria. Since 
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these organisms are Gram-negative, dyes received particular 
attention. Gentian violet, crystal violet and methylene blue? 
were first used. These dyes were added in varying concentra- 
tions to meat extract or meat infusion agar to which 5 per cent 
blood or 10 per cent potato extract had been added. The dyes 
were incorporated in dilutions ranging from 1:2000 to 1:50,000. 

The fusiform organisms were found to exhibit a marked resist- 
ance to gentian violet and crystal violet, being able to develop on 
media containing a concentration of dye as high as 1:2000. 
Better and more abundant growth was obtained, however, on 
media containing concentrations of from 1:5000 to 1:20,000. 
The gentian violet gave more satisfactory results, on the whole, 
than did the crystal violet. Gentian violet was added, there- 
fore, to all media used for isolation purposes. The most suitable 
concentration of this dye, from the standpoint of inhibiting 
heterogeneous types and permitting good growth of the fusiform 
bacteria, was found to be 1:10,000 for the blood agar, and 1:20,- 
000 for the potato extract agar. Either meat extract or meat 
infusion agar may be used as the basic medium. Growth on the 
10 per cent potato extract agar was often better than that on the 
5 per cent blood agar. 

The routine method of isolation consisted in streaking swabs 
from teeth and various lesions over blood or potato extract agar 
containing the gentian violet, an abundant inoculum being used. 
The material on the swabs was spread mechanically over the sur- 
face of the agar plates with the aid of a streaking machine similar 
to the one described by Varney (1926). The streaked plates were 
incubated anaerobically at 37°C. for forty-eight hours. All 
plates were placed in the anaerobic jars in an upright and slightly 
slanted position. Stained preparations of the various types of 
colonies on the plates were made and examined for typical fusi- 
form bacteria. 

Smooth colonies of different sizes, and a rough colony, developed 
on these media, often from the same inoculum, especially when 
material from human teeth was used. In the isolation of these 


? Coleman and Bell dyes were employed. 
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organisms most satisfactory results were obtained when the se- 
lected colonies were first inoculated into potato gelatin medium 
(page 608) which was used for maintaining stock cultures. Pure 
cultures could, as a rule, be procured by simply picking from the 
original colonies on the dye agar plates. However, all cultures 
were plated out several times, to insure their purity. 

The medium and method described above were surprisingly 
selective in the isolation of the various type of fusiform bacteria. 
When fusiform bacilli were present they usually developed alone. 
Indeed, very few other bacterial types present in the mouth will 
grow on this medium. Streptococci and staphylococci were 
never encountered. A micrococcus and a foreign granular, rod- 
shaped organism were found in a few instances. The colonies of 
fusiform bacteria were usually quite large; in fact, they were often 
larger on primary isolation than after further cultivation in arti- 
ficial dye-free media. 


Culture Media 


Ten different strains of fusiform bacilli were employed in a 
study of the merits of various culture media. These strains were 
representative of the several types that were encountered through- 
out this study. 

Considerable effort is required in preparing aseptic blood or 
serum media; furthermore, blood imparts an intense color to the 
media, making it difficult to determine some of the important 
characteristics of the organisms. Finally, the use of blood is 
accompanied by danger of contamination from the unheated 
blood and serum. It was a matter of extreme interest, therefore, 
to attempt to devise a medium which would remain clear after 
preparation, and which could be heated to insure its sterility 
without impairing its properties of supporting the growth of the 
fusiform bacteria. 

Various substances have been employed for increasing or stimu- 
lating the growth of bacteria, including potato. Korper and 
Uyei (1927) have shown, for example, that whole potato strongly 
favors the growth of the tubercle bacillus. Special attention was 
given in the present work to potato extract as a possible source of 
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important growth-stimulating properties. After considerable 
preliminary study, and determination of the full merits of potato 
extract medium, the following method of preparing extract was 
adopted. 

Method of preparing full-strength potato extract. Ground potato 
was prepared by passing ordinary raw potato through a fine 
meat grinder. To 100 grams of the ground potato were added 
100 ce. of water. ‘The mixture was allowed to extract at refrigera- 
tor temperature (8°C.) for twenty-four hours. This period of 
extraction was found by comparative tests to be acceptable as 
standard. The extract was then filtered through several thick- 
nesses of cheese cloth and finally through filter paper. A suction 
filter was used in the paper filtration process. The clear, filtered 
extract was boiled for two or three minutes, or until complete 
coagulation took place; it was then filtered again through paper. 
This filtrate constituted the finished product, which was ready 
for use in any type of potato extract medium desired. 

Aqueous extracts of potato in concentrations of from 10 to 25 
per cent of the total medium were found to exert a definite stimu- 
lating action on the growth of the fusiform bacteria. It appeared 
of interest to determine whether aqueous extracts of other vege- 
tables would also produce this stimulating effect. Hence, ex- 
tracts of turnips, carrots, horse-radish and lettuce were made. 
The extracts were prepared in the manner described above. 
Potato extract was used for comparison, 25 per cent of each of the 
extracts being added to the agar and to the broth. The media 
were inoculated not later than twenty-four hours after prepara- 
tion, and each tube received an equal amount of inoculum. 

Carrot extract agar was found to give as good growth as the 
potato extract agar. The turnip, horse-radish and lettuce agar 
did not appear to stimulate the growth to any appreciable degree. 
However, in the broth media the turnip and horse-radish extracts 
all gave about as good growth as the potato. The development 
in the carrot and horse-radish broth was often very abundant. 
The lettuce extract did not support the growth of these organisms, 
even in the broth medium. These results indicate that extracts 
of other vegetables besides potato may be used for the cultivation 
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of these organisms. Heated extracts, on the whole, gave more 
abundant and consistent growth than unheated ones. 

The influence of commercial meat extract and fresh beef infu- 
sion on the amount of growth obtained on potato extract and 
blood media was determined. More abundant development took 
place on the blood and potato extract media containing meat in- 
fusion than on those having commercial meat extract as the base. 

In a preliminary study of the relative merits of various concen- 
trations of potato extract (1 to 25 per cent) in the potato extract 
broth and agar, concentrations of from 10 to 25 per cent of the 
vegetable extract were found to be most satisfactory for the growth 
of the fusiform organisms. 

Preparation of 10 per cent potato extract agar. To 900 ce. of 
the liquefied basic medium consisting of commercial meat extract, 
0.3 per cent, Difco proteose peptone, 1.0 per cent, and Difco 
granular agar, 2 per cent, 100 cc. of fresh potato extract prepared 
in the manner described above, are added.* The hot medium is 
distributed in flasks and test tubes, as desired, and sterilized for 
fifteen minutes at 15 to 20 pounds extra pressure. 

Experiments conducted to determine the influence of heating 
and of the resultant removal of precipitable substances in the 
vegetable extracts of potato and carrot showed that no demon- 
strable loss of their potency occurs. 

Experiments were also carried out to determine the effect of 
aging of the extracts, and of the final media. Extracts and extract 
media which had been held in storage seven and fourteen days 
seemed to have lost some of their original growth-stimulating 
properties. . Freshly prepared extracts and media were, therefore, 
employed throughout the remainder of the investigation. It was 
also observed that freshly prepared blood broth and agar yielded 
much better growth than those which had been allowed to age. 
As a rule, all media were used within twenty-four hours after 
preparation. 

It should be stated, furthermore, that it is absolutely essential 
to employ young cultures as sources of inoculum, in order to ob- 
tain the most satisfactory growth of the fusiform organisms. 


* Potato extract broth is prepared in the same way, but without agar. Beef 
infusion may be substituted for the commercial meat extract. 
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In attempting to determine whether the potato or carrot ex- 
tracts could be used in the basic media for fermentation studies 
of the fusiform bacilli, it was noted that considerable acidity 
was produced by all of the strains in the 25 per cent and 10 per 
cent carrot broth. In the 25 per cent and 10 per cent potato 
broth some strains produced no acidity, while others did so in 
varying degrees. These results indicated that the vegetable 
extracts contained at least traces of fermentable carbohydrate. 
Efforts were made to detect them chemically. 

The tests employed were the Molisch and the Benedict tests 
for reducing sugar. The Benedict test was applied both before 
and after acid hydrolysis. The iodine test for starch was used 
with the potato extract. A positive Benedict test was obtained 
with the 10 per cent carrot extract, indicating the presence of 
considerable reducing sugar. While a positive Molisch test was 
obtained with the 10 per cent potato extract, no reaction for 
reducing sugar could be procured (Benedict test), even with the 
undiluted extract. The test for starch was negative. The 
composition of the fermentable substance in the potato extract 
is problematical. 

Since the potato extract apparently contained less carbohy- 
drate than the carrot extract, it was employed subsequently in the 
preparation of all vegetable extract media. It should also be 
noted that the carrot media appeared to stimulate granule forma- 
tion within the bacterial cells, especially of certain strains. After 
forty-eight hours’ incubation the cells were often larger than on 
the potato media, and contained numerous granules. 

Various other types of media were prepared at this time and 
their ability to support growth determined. This was undertaken, 
primariiy, with the hope of obtaining a medium free from carbohy- 
drate and, therefore, appropriate for the study of the fermentation 
reactions of the various strains used in this investigation. 

The following media were tried out: (1) yeast extract broth; (2) 
tryptophane broth; (3) cysteine broth; and (4) broth containing 
10 per cent fermented potato extract. The yeast extract broth 
contained 1 per cent proteose peptone and 1 per cent yeast ex- 
tract. The tryptophane broth was Difco tryptophane broth 
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(1 per cent). The cysteine broth was prepared by adding 0.15 
per cent cysteine hydrochloride to meat extract peptone broth. 
In the preparation of the fermented potato broth, 10 per cent 
potato extract was first fermented with a strain of Bact. coli, and 
1 per cent proteose peptone and 0.3 per cent meat extract then 
added to this fermented broth. The reaction was adjusted to 
pH 7.4. 

The cysteine broth proved to be by far the most satisfactory 
of the four media, and was selected as the basic medium in the 
study of the fermentation reactions of the fusiform organisms. 
The strains that would not grow in the meat extract cysteine broth 
did develop in this medium when it contained a fermentable 
carbohydrate. 

Special medium for carrying fusobacterium cultures in stock. 
Detailed studies were carried out to determine the most suitable 
medium for maintaining stock cultures of the fusiform bacteria. 
Ordinary slant agar and broth were soon found to be unsatisfac- 
tory for maintaining their viability over any appreciable period 
of time. Egg-meat medium likewise proved to be inadequate. 

The possibility of using a soft agar or gelatin medium presented 
itself, and, since these organisms do not liquefy gelatin, the gelatin 
medium was given preference over the agar. Gelatin medium 
also lends itself well to transfer of culture to any other desired 
medium, after warming to melt the gelatin. Beef-infusion pep- 
tone gelatin containing 10 per cent potato extract was found to be 
very satisfactory for the preservation of stock cultures. This 
medium was more suitable than beef-infusion gelatin containing 
5 per cent blood. Loop transfers to and from the medium are 
made after liquefaction at 37°C. 

Stock cultures were found to remain viable as long as four weeks 
in the 10 per cent potato gelatin medium, when kept at refrigerator 
temperature (8 to 10°C.). When kept at room temperature some 
of the strains lost their viability much sooner. Type IV cultures 
were the most difficult to maintain in stock culture, sometimes 
becoming non-viable within the course of two weeks. When the 
potato extract gelatin cultures were kept in the refrigerator for 
three or four weeks small crystals appeared in the medium which 
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often resembled bacterial growth. However, this did not seem 
to influence the growth of the cultures in any way. 

The final medium, as adopted by the writers for stock culture 
preservation, has the following composition: meat infusion as a 
base, proteose peptone 1 per cent, gelatin 15 per cent, and potato 
extract 10 per cent. It is sterilized in the usual manner. The 
inoculated tubes are incubated anaerobically at 37°C. for forty- 
eight hours. 


Influence of gaseous environment on growth 


In determining the influence of various gases on the growth 
of these microérganisms some very definite results were obtained. 
Added carbon dioxide very materially stimulated the growth of 
three of the four types. Little or no growth took place in an 
atmosphere of hydrogen or ethylene. 

The results obtained on the potato extract peptone agar me- 
dium with carbon dioxide were very definite. All of the strains 
gave good growth in jars containing 2 per cent carbon dioxide ;* 
a final concentration of 2 per cent CO, in the jar was used, there- 
fore. This amount did not decrease the H-ion concentration of 
the medium perceptibly. All strains grew well, also, in jars that 
were rinsed with hydrogen gas, exhausted completely to the full 
capacity of the Hivac pump, and charged with 2 per cent carbon 
dioxide after the last exhaustion. The experiments demonstrated 
the importance of carbon dioxide gas in the cultivation of the 
fusiform bacteria. 


Source of strains 


During this investigation a comparative study was made of 
fifty-three strains of fusiform bacilli isolated from various sources. 
The methods employed have already been described. Isolations 
were obtained from the normal teeth of all 15 human subjects, all 
3 monkeys, 2 out of 5 dogs, and 1 out of 8 rabbits, examined. No 
cultures were procured from the normal teeth of cats, guinea pigs, 
rats and mice, nor from human and animal feces. Cultures were 


‘ By 2 per cent carbon dioxide is meant 2 per cent of the jar volume. As the 
jars had been exhausted, the CO, constituted the only gas. 
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isolated from two cases of Vincent’s angina, two cases of lung 
abscess, and from a tonsillar lesion. The strains are listed as 
shown in table 1. 


Description of organisms 


It was possible to divide the fifty-three strains into four differ- 
ent types, based upon their morphological, cultural and biochemi- 
cal characteristics. These types are discussed in detail; they are 
referred to under the generic term “‘Fusobacterium.”’ 

All four types were stained readily by the ordinary dyes. Huck- 
er’s gentian violet was generally used for routine examination. 
No motility was observed in hanging drop preparations. Fla- 








TABLE 1 
Sources of strains 
STRAIN NUMBERS SOURCES 
1-38 Normal teeth of 15 persons 
39 Teeth of a rabbit 
40-43 Teeth of 2 dogs 
44-46 Teeth of 3 monkeys 
47 and 48 Two cases of Vincent’s angina 
49 Tonsillar lesion 
51-53 Two cases of lung abscess 








gella stains were not attempted. Beef-infusion blood and potato- 
extract agar slants were employed in the determination of mor- 
phological characteristics. All of the types presented the same 
general appearance on both media, except in the size of the cells, 
which were larger on the potato than on the blood agar. Only 
descriptions of the forms observed on the potato-extract agar will 
be given. 
Morphology. Fusobacterium type I occurs as single cells and in 
pairs. The ends are definitely pointed. In young cultures they 
vary in length from 3 to 6 u, and in width from 0.4 to 0.6 4. They 
remain fairly uniform in size, even in old cultures, differing from 
the other types in this respect. They often contain one or two 
granules. The cells are shorter than those of any of the other 
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types, and they can often be identified by their morphological 
appearance. The characteristic morphology of these organisms 
is shown in figure 1, plate 1. 

Fusobacterium type II is long and slender, often growing in 
long filaments. The ends are definitely pointed, as a rule. The 
shorter forms vary in length from 6 to 20 u and in width from 0.3 
to 0.6 u. Numerous granules are present in old cultures. Figures 
2 and 3, plate 1, show the typical appearance of young and old 
cells. 

Fusobacterium type III is thicker and often longer than type II. 
Chains can frequently be observed. They measure from 6 to 25 
in length and from 0.6 to 0.8 »in width. The ends are only slightly 
pointed. In old cultures the cell outline fades away and granules 
develop. Their characteristic morphology is shown in figure 4, 
plate 1. 

Fusobacterium type IV cells are usually larger than those of the 
other three types. They occur in characteristic chain formation, 
and it is often difficult to distinguish between individual cells and 
a chain of cells. They vary from 8 to 25 u in length, and from 
0.7 to 1.0 » in thickness. Granules appear in old cultures. On 
agar medium containing 25 per cent carrot extract the cells 
increase in size, and numerous granules develop after forty-eight 
hours’ incubation. They present an entirely different morpho- 
logical appearance on this medium than when growing on potato- 
extract agar. The different forms are shown in figures 5 and 6, 
plate I. 

The organisms constituting types I and IV can usually be iden- 
tified by their morphological appearances. Those of types I] 
and III do not have so definite a morphology, and their differen- 
tiation is much more difficult. Various intermediate types are 
encountered which resemble both types II and III. Type III 
forms also often resemble those of type IV. All strains, with the 
exception of those of type I, are very pleomorphic, especially in 
old cultures, and long thread-like filaments are often seen. Curved 
and wavy forms are also common. 

Spirochetal forms. No true spirochetal forms were detected in 
pure cultures of types I, I] and III. In examining stained prep- 
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arations of type IV strains, however, a few typical spirochetal 
forms were found. They appeared to develop from the filaments 
or from deep-staining bodies within the cells, as described by 
Tunnicliff. Some cells contained eight to twelve distinct spirals. 
The ends were often straight, suggesting that the transformation 
from the rod into the spirochetal form was not complete. Very 
few of these spiral forms were observed in stained preparations; 
indeed, it was not until late in the investigation that they were 
detected for the first time. Considerable effort and time were 
necessary for locating them in the slides. The spirochetal forms 
appeared to develop best on blood agar. No special staining 
technique was necessary to demonstrate them, since they stained 
readily with both gentian violet and dilute (1:10) carbol-fuchsin. 

A detailed study of the transformation of rods into spirochetal 
forms was not possible, for want of time. If such a transforma- 
tion does take place, there are, without doubt, various deep-seated 
factors which control the phenomenon. 


Cultural and biochemical characteristics 


All strains possessed the same general appearance upon potato 
agar slants. Those of type IV usually produced a rougher growth 
than did those of the other types. Upon blood agar all of the 
type IV and some of the type III strains exhibited a dull surface 
growth. All cultures growing scantily presented a beaded ap- 
pearance. 

Examination of colonies afforded a fairly definite means of dif- 
ferentiation. No appreciable difference could be detected upon 
blood agar. However, when the colonies occurring on the potato- 
extract agar were examined under the low power objective, dis- 
tinct types could be detected. 

Type I produces smooth, greyish white, circular, convex col- 
onies with entire margins. The internal structure is usually 
amorphous, and at times finely granular. Their size averages 
from one to two millimeters. The characteristic morphology of 
these colonies is shown in figure 1, plate 2. 

Type II strains develop as smooth, greyish white, circular, con- 
vex colonies with undulating margins. The internal structure 
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is granular and shows a vein-like appearance throughout which 
resembles a grape leaf. These colonies are larger than those 
of type I, measuring from 2 to 3 mm. in diameter. Figure 2, 
plate II, presents the typical appearance of type II colonies. 

Type III colonies are more irregular than those of types I and 
II, and their surfaces are often slightly rough. The edges are 
uneven and undulate. The internal structure is coarsely granu- 
lar. These characteristics were not always constant, however, 
for all strains of this type, colonies being obtained sometimes 
which resembled those of type II. A typical colony is shown in 
figure 3, plate II. 

Type IV produces rhizoid, rough, flat colonies. The edges are 
irregular, and curled filaments often protrude from them. The 
internal structure is granular, with a thick, vein-like appearance 
throughout. Figure 4, plate 2, shows their characteristic mor- 
phology. 

Type I strains generally produced characteristic colonies which 
could be identified easily. The colonies of the other three types 
were not always so nearly uniform in appearance. However, the 
determination of the colony type was of considerable aid in the 
classification of these bacteria. 


Growth in blood and potato broth 


No appreciable differences could be detected in the type of 
growth in the broth media. All strains usually produced both 
a turbidity and a sediment, with the exception of type IV strains, 
which usually gave only asediment. More abundant growth was 
obtained in the potato than in the blood broth. 


Growth in blood and potato-extract gelatin 


Good growth was obtained in the gelatin media, especially in 
the potato extract gelatin. None of the strains produced lique- 
faction. The growth of types I and IV strains generally occurred 
at the bottom of the tube, while that of types II and III developed 
throughout. 

It should be noted here that all cultures of the fusiform organ- 
isms produced a foul odor. This was especially marked in broth 
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and in gelatin media. Although the odor can not be character- 
ized as being distinctly putrefactive, it was decidedly offensive. 


Indol production 


Meat infusion potato broth cultures were used to determine 
indol production. Type I and II strains all produced large 
amounts of indol. A positive indol test was obtained in some 
type III cultures, while in others the test was negative. Type IV 
strains never produced any detectable indol. 


Fermentation studies 


Meat-extract cysteine broth was used as the basic medium for 
fermentation studies. It contained 1 per cent proteose peptone, 
0.3 per cent Liebig’s meat extract and 0.15 per cent cysteine hydro- 
chloride. The test substances were added in 1 per cent amounts. 
The reaction was adjusted to pH 7.2, and brom thymol blue indi- 
cator added. The medium was tubed in Durham fermentation 
tubes and sterilized in the autoclave (ten minutes at 10 pounds 
extra pressure). The tubes were inoculated immediately after 
cooling and placed in the anaerobic jars. The liquid within the 
inverted tubes was not displaced by the exhaustion of the jars, 
and gas production could be detected in the usual manner. 
Freshly heated medium must be used, however, to obtain satis- 
factory results. 

The reactions of the organisms on four different carbohydrates 
were recorded, namely glucose, sucrose, lactose and mannitol. 
The basic medium without carbohydrate was used as a control. 

The tests indicated that types I and II strains ferment glucose 
only; type III glucose and sucrose; and type IV glucose, sucrose 
and lactose. None of the strains acted upon mannitol. No gas 
was observed. No acidity was produced in the control tubes. 

The fermentation reactions were very valuable in the classify- 
ing of the fusiform bacteria. They could be used to identify the 
strains which exhibited intermediate morphological and cultural 
characteristics, especially cultures of type II and III. Further 
studies may reveal other carbohydrates which are particularly 
adapted for classification purposes. 











SYSTEMATIC STUDY OF FUSIFORM BACTERIA 615 


Grouping of strains studied 


The fifty-three strains were classified as follows: 
Fusobacterium type I. Numbers 4, 5, 9, 10, 11, 12, 15, 18, 19, 
20, 21, 22, 23, 30, 31, 32, 34, 35, 39, 40, 41 and 46. ‘Total 22 


Fusobacterium type II. Numbers 2, 13, 14, 25, 27, 33, 42, 43, 
45, 48, 50, 52 and 53. Total 13. 
Fusobacterium type III. Numbers 1, 3, 6, 7, 8, 28, 29, 37, 44, 


47,49 and 51. Total 12 

Fusobacterium type IV. Numbers 16, 17, 24, 26 and 38. 
Total 5. 

It may be interesting to note that only type II and III strains 
were isolated from pathological conditions. Type I, II, III and 
IV strains were isolated from the normal teeth of human subjects, 
types I and II from dogs, types I, II and III from monkeys, and 
a type I strain from a rabbit. 


Agglutination experiments 


The procedure followed was essentially the same as that out- 
lined by Varney (1927). Rabbits were immunized by intrave- 
nous injections of living forty-eight-hour cultures of four different 
strains of Fusobacterium representing types I, II and III. Un- 
fortunately, an antiserum against type IV was not developed. 
All of the three prepared sera possessed titers of 1:20,000 or 
above. They were preserved with phenol. 

The test antigens were prepared from twenty-four hour growths 
on meat infusion potato extract agar. In the final set-ups the 
test tubes had a turbidity of 1.0 on the McFarland nephelometer 
scale, and contained antisera in concentrations of 1:20, 1:40, etc., 
to 1:10,240. The reactions were read after two and twelve hours 
incubation at 37°C. Early readings were made desirable because 
of the tendency of some suspensions to settle out. Even then, 
many of the strains agglutinated more or less spontaneously. 
Each Fusobacterium strain was tested against each of the antisera. 

It was frequently difficult to distinguish between specific and 
spontaneous agglutination. Furthermore, no definite correlation 
between the agglutination reaction and the type of organism 
could be established. Most of the strains were either agglutinated 
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by all of the antisera, or did not react definitely with any of them. 
Because of the unsatisfactory results of the agglutination experi- 
ments, no attempt was made to make use of agglutination reac- 
tions in the final classification of the organisms studied. 


SUMMARY AND CONCLUSIONS 


Various methods and media for the isolation and cultivation of 
fusiform bacteria were studied. A special effort was made to 
isolate strains from as many different sources as possible. A 
comparative study of fifty-three cultures was carried out, with the 
hope of more definitely classifying this group of anaerobes. Asa 
result of these investigations, the following conclusions seem 
justified. 

The method of exhausting anaerobic jars by means of a vacuum 
pump, and of subsequent rinsing of the jar with carbon dioxide, is 
especially suited for the cultivation of fusiform bacteria. 

Carbon dioxide stimulates the growth of these organisms; 2 
per cent carbon dioxide should be applied to the anaerobic jars, 
after the final exhaustion. 

The fusiform bacteria are resistant to relatively high concen- 
trations of gentian violet ; this dye may be used to great advantage 
in media for their isolation. 

Aqueous extracts of vegetables stimulate the growth of these 
anaerobes; media containing potato extract are especially suited 
for cultivation purposes. 

A potato extract gelatin medium is very satisfactory for the 
preservation of stock cultures. 

Fusiform bacteria are normally present on the teeth of man and 
animals. 

Agglutination reactions did not offer any assistance in the 
classification of the members of this group or genus. 

Four different types of organisms were recognized by their 
morphological, cultural and biochemical characteristics. These 
are designated as Fusobacterium types I, II, III and IV. The 
generic term “Fusobacterium” is suggested, in place of “Bacillus,” 
which is still so generally applied to this group of anaerobic 
organisms. 
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PLATE 1 

Fig. 1. Fusobacterium type I. Cell morphology on potato extract agar plates 
incubated at 37°C. for forty-eight hours. X 1200 diameters. 

Fic. 2. Fusobacterium type II. Same medium, incubation temperature and 
time. X 1200 diameters. 

Fic. 3. Fusobacterium type II. Same medium and temperature. Seven day 
culture showing granules. > 1200 diameters. 

Fic. 4. Fusobacterium type III. Cell morphology on potato extract agar 
plates grown at 37°C. for forty-eight hours. X 1200 diameters. 

Fig. 5. Fusobacterium type IV. Same medium, incubation temperature and 
time as Figs. l and 4. X 1200 diameters. 

Fia. 6. Fusobacterium type IV. Cell morphology on carrot extract agar 
plates incubated at 37°C. for forty-eight hours. Showing increased size and 
granules. X 1200 diameters. 
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PLATE 2 


Fig. 1. Fusobacterium type I Surface colony on potato extract agar plates 
incubated at 37°C. for forty-eight hours x 30 diameters. 

Fic. 2. Fusobacterium type II. Same medium, incubation temperature and 
time as type I. <x 30 diameters 

Fic. 3. Fusobacterium type III Same medium, etec.,as type I < 30 di- 
imeter. 

ria. 4. Fusobacterium type I\ Same medium, ete., as type I < 30 di- 
meters 
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The study of bacterial morphology has been sadly neglected 
during the past two decades. The important réle of bacteria in 
medicine, agriculture, and various industries has diverted the 
efforts of bacteriologists to the study of their physiology. This 
side has been particularly emphasized in teaching, with the result 
that the average bacteriologist of today is lacking in training 
along morphological lines, hence the numerous errors and the 
confusion prevalent when the practical importance of dissociation 
has forced the bacteriologist to deal with morphology. We are 
now much better equipped than our predecessors for such studies, 
and we should be able to come much closer to an understanding 
of bacteria, their make-up and their life habits. Many obser- 
vations, which would have been impossible in the past, are now 
made possible by the great strides made in micro-technique and 
by the introduction to the bacteriological laboratory of new and 
more refined implements of research. The bacteriologist has 
less and less need of resorting to his imagination in order to inter- 
pret his observations. 


THE PROBLEM OF VARIATION IN BACTERIOLOGY 


The problem of variation in bacteriology is very old. Every 
generation of bacteriologists has concerned itself with its study 
until a climax has been reached during the last few years. Con- 


1 The author is indebted to Professor J. M. Sherman for constant encourage- 
ment and advice throughout this work. 
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fusion has prevailed and bacteriologists do not yet see their way 
clearly. It is evident that a problem of this magnitude can not 
be settled by argumentation, nor by any experimentation which 
allows the slightest play of imagination, for there are probably 
few other problems so elusive, with so many pitfalls. 

Most bacteriologists would probably agree that bacterial varia- 
tions are of two kinds: 

1. The temporary variations. These include variations due to 
the immediate effect of the environment, strikingly illustrated in 
Henrici’s (1928) experiments on Bacterium coli. When the sur- 
face tension of the medium is reduced by means of sodium ricino- 
leate to 35 to 40 dynes, the organism forms filamentous cells, 
sometimes extending over several oil immersion fields. When the 
surface tension of the medium is raised by the addition of calcium 
chloride, the cells are shorter and more oval than in the normal 
medium. Among such temporary variations are included also 
the variations called cytomorphosis by Henrici, which occur 
regularly in cultures because they depend on the stages of de- 
velopment. The senescent forms of cytomorphosis comprise a 
variety of cell forms, among which are resting forms like the ar- 
throspores and microcysts of the bacteriological literature, more 
correctly called chlamydospores by Arthur Meyer (1901). Here 
belongs also the bacterial endospore. All these forms germinate 
when placed in favorable environments and usually reproduce the 
variety from which they originated. 

2. The more or less permanent variations. The word permanent 
is used here in a relative sense, for there are no really permanent 
forms of bacteria. These variations involve the generation of 
forms which reproduce true for a considerable number of genera- 
tions, each type following the laws of cytomorphosis and in old 
cultures producing its own resting forms. Variations of this 
class have been usually referred to as examples of dissociation. 


THE COLONY OF BACILLUS MEGATHERIUM 


Before an intelligent study of dissociation could be undertaken, 
it was found necessary to make a study of normal colony varia- 
tions under the conditions of the experiments. Such variations 
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are not described in the literature, and the student of dissociation 
finds himself at first with a maze of observations, many of which 
belong to normal development and are without dissociative 
significance. 

Colonies of Bacillus megatherium go through regular cyclic de- 
velopments. Depending on the type, the center of the colony 
may be translucent or opaque, and the fully grown colony pre- 
sents concentric translucent and opaque zones. ‘The translucent 
zones correspond to a depressed surface when observed by re- 
flected light, and they contain mainly shadow cells, some spores, 
and other forms. The opaque zones are made up of cells of nor- 
mal appearance and cytology. 

In about three or more days secondary growth appears in the 
form of opaque papillae over the area of the whole colony or sub- 
merged in the primary growth, and in the form of outer rings or 
extensions of various shapes of the margin of the primary colony. 
The secondary colonies undergo similar transformations to those 
of the primary colony and, if the medium is rich in nutrients and 
the agar in the plate plentiful so that the plate does not dry up, 
tertiary colonies are also produced from the secondary colonies 
and, in turn, undergo similar transformations. 

Aside from the above concentric zones of partially dissolved, 
translucent, and opaque growth, which are the result of normal 
development, other rings have also been discovered in colonies 
which were incubated at 37°C., taken out every twenty-four 
hours, measured and drawn. These rings are much narrower 
than the normal ones, more dense, and have a much sharper 
outline. The measurements that were made showed that con- 
centric rings of this series corresponded exactly to the periods at 
which the plates were taken out from the incubator to the room. 
In searching for the cause of this additional ringing, two possibili- 
ties were considered: the effect of light and the effect of tem- 
perature. The following experiment was performed: 

A given colony type of Bacillus megatherium was plated on 
meat infusion agar in 24 petri dishes. The plates were divided 
into groups of six plates each. In one group, the plates were 
protected from light by discs of black paper pasted on the top and 
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the bottom and by collars of black paper strips rolled around the 
side. This arrangement was preferred to mere wrapping, be- 
cause it does not hinder the circulation of air. In addition, the 
drawer containing the plates was lined and covered with black 
paper. This group A was allowed to remain in the incubator, 
undisturbed, till the end of the experiment which usually lasted 
from three to four days. Group B was protected from light ex- 
actly as was group A, but it was taken out of the incubator every 
twenty-four hours and allowed to stay in the laboratory for one 
hour. Group C was not protected from light and was exposed to 
diffused light and temperature change in the laboratory for one 
hour daily. Group D was not protected from light, but exposure 
in the laboratory was done twice daily, one hour each time. 

This experiment was repeated six times with the following con- 
stant results: 

Group A showed no ringing effects aside from those due to nor- 
mal development. Groups B and C showed rings corresponding 
to the daily exposures, and group D showed twice as many rings 
as the latter two groups. These results show conclusively that 
rings of the second series were caused by the different tempera- 
tures to which the colonies were exposed. 

These various transformations observed in any given colony 
type are illustrated in figures 1 to 4. 


DISSOCIATION OF BACILLUS MEGATHERIUM 


In view of the extensive literature dealing with dissociation, 
no attempt is made in this paper to present a review of the ques- 
tion. Only. the author’s results and views are given. For a com- 
prehensive review, the readers is referred to Hadley’s monograph 
(1927) and to other more recent publications in the bacteriologi- 
cal literature. 

If a stock culture of Bacillus megatherium be plated, it will be 
found that the colonies that develop are of two or more types 
(figs. 5 and 6). This has been found to be true of several other 
species of the common aerobic spore formers in our departmental 
collection. It seems that neither the mother stock culture when 
used at wide enough intervals, nor the daughter stock cultures of 
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various orders, contain the same material. The correctness of 
the latter statement can be judged from the following observa- 
tions: (1) Starting from a mother stock culture and using the 
same dissociating method, the results may be quite different in 
two different experiments performed at different times. The 
same is true when the mother stock culture has been used in one 
experiment, and later a daughter stock culture for the other. 
(2) Plating a mother stock culture at long enough intervals or 
one of its daughter cultures, one frequently finds colonies which 
may differ considerably in their behavior. 

In the course of the present investigations, which lasted over 
eighteen months, striking illustrations of the above statements 
have been observed. For instance, in the first series of experi- 
ments I was attempting to dissociate Bacillus megatherium by 
subjecting it to the action of hydrogen ions in different concen- 
trations. A mucoid kind of a colony was soon obtained in a 
medium of pH 7.8, but with great difficulty in the same medium 
at pH 7. When the experiment was repeated nearly two months 
later, it was the neutral medium that readily yielded the mucoid 
type, the alkaline medium never yielding that type during the 
entire second experiment. That the mother and the daughter 
stock cultures used in the first and second experiments respec- 
tively are different is also shown more strikingly by the manner in 
which they grew in acid, neutral and alkaline broth. The mother 
stock culture, when transferred to meat infusion broth of pH 
6, grew in large clumps hard to break by shaking. In the same 
broth given a pH of 7.8, the growth was far more diffuse and the 
clumps formed were readily broken. In the same broth with a 
neutral reaction, diffuseness of the growth was less marked than 
at pH 7.8, and the clumps formed more numerous and not as 
easily broken. In the second exper.nent the opposite was true. 
In a still later experiment, a difference could hardly be observed. 

To illustrate the second statement, it is only necessary to men- 
tion that, in a recent experiment, the stock culture yielded colo- 
nies which gave, on aging, lemon yellow secondary colonies made 
up of exceedingly long filaments showing frequent branching. 
Such secondaries were seen before in certain variants, but were 
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never directly obtained from the stock culture. More will be said 
about these yellow filamentous secondary colonies later. 

Methods used to obtain dissociants. Dissociation of Bacillus 
megatherium was brought about in a variety of ways. The 
media used were: meat infusion broth of pH 6.7, and 7.8; meat 
infusion broth of the same pH containing 0.3 per cent of lithium 
chloride; Dunham’s peptone solution containing 0.01 per cent of 
sodium ricinoleate to reduce surface tension; and meat-extract 
broth containing 1 per cent of potassium nitrate. The procedure 
was to inoculate a tube of a given medium from the stock cul- 
ture and to incubate at 37°. At the end of twenty-four hours, the 
culture developed in this first tube was transferred to a second 
tube and was also plated on neutral meat-infusion agar. After 
twenty-four hours, the culture developed in the second tube was 
transferred to a third tube and was also plated on neutral meat- 
infusion agar, and so on. In every case, the colonies developed 
on the plates were examined with the naked eye and with the 
stereoscopic microscope, both by transmitted and by reflected 
light, and the various characteristics noted. Such an examina- 
tion of the colonies was made when they were one, two, three, 
five, seven, ten, and fifteen days old. In the early experiments 
representative colonies were carefully measured and roughly 
drawn at the various ages, and their structure studied more 
carefully with the 16 and 4 mm. objectives. 

Aside from the above method, dissociation was brought about 
by growing the organism in a partial vacuum (about 635 mm.) 
with transfer and plating every forty-eight hours. Aging was 
also used very successfully, either in liquid cultures or in colonies. 
In the latter case, dissociants appear as a secondary growth, either 
in the form of a secondary colony or as a sector along the margin 
of the primary colony. At this point it may be emphasized that 
secondary growth only occasionally indicated dissociation, especi- 
ally a stable dissociation. Time and time again a white colony 
gave cream, orange, or lemon yellow secondary colonies which, on 
cultivation, yielded colonies similar to the parent colony. This 
remark is necessary in view of the impression one gains from the 
literature (Hadley, 1927). 
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Media suitable for dissociation. Dissociation takes place read- 
ily when the organism is grown in a medium in which it grows 
fast and produces a large crop, or in a medium which allows a 
fair growth, but which has been so changed chemically or physi- 
cally, that it constitutes an environment capable of modifying, 
but not inhibiting, growth. 

Variants of especial interest. The number of variants that have 
been recognized and isolated during the present investigations is 
large. Most of these variants are non-sporogenic and it seems 
that spore formation is one of the characters most readily lost by 
Bacillus megatherium. Moreover, when the power to form spores 
is lost, there seems to be no tendency to regain it. Various strains 
thus changed have now been investigated for over a year for spore 
formation, but none has been seen yet. Colonies six and seven 
months old and still viable were free from spores. However, 
sporeless strains produce a large number of forms (arnthrospores, 
microcysts, etc.) which are very resistant to aging and drying. 
More about these forms will be said later. 

The most interesting variants obtained are the following: 

1. The mucoid strain. This strain was isolated from meat- 
infusion broth of pH 7.8, and from neutral meat-infusion broth 
incubated aerobically or under a 25-inch vacuum, and from 
neutral meat-infusion broth containing 0.3 per cent of lithium 
chloride. When young (less than twenty-four hours old at 37°C.), 
the colonies are perfectly transparent and have a dew drop appear- 
ance. Neighboring colonies invariably run together and form 
amoeboid groups. The strain grows rapidly and the colonies 
become very large both in extent and in thickness on further incu- 
bation, flowing over the surface of the petri dish and slowly down 
the sides to the cover. If the petri dish be incubated right side 
up, it becomes covered with a thick, viscous layer of growth. 
The colonies behave like drops of colorless, transparent syrup 
which are constantly increasing in size. Within two days, the 
colony mass becomes turbid, and white streaks, radiating in the 
direction of flow and fusing into an uneven ring along the margin 
of the colony, appear. This white growth breeds true, giving the 
midget type described below. The mucoid colonies with their 
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white, secondary growth and a few of the midget colonies are 
illustrated in figure 7. Figure 8 shows the cells that are found in 
the mucoid colony. They are rather short, heavily capsulated 
and flagellated. No spores are formed by the mucoid strain. 
Old colonies become flat and thin, barely visible on the agar 
plate. No secondary colonies aside from the midget form are 
produced. 

2. The midget strain. The midget strain is invariably formed 
very freely by the mucoid strain, even when the colonies are 
still actively growing. Colonies of the midget strain are round, 
raised and opaque. Growth is slow, so that the colony is yet 
very small after twenty-four hours at 37°C. Figures 9 and 10 
show colonies of this type when twenty-four and forty-eight hours 
old respectively. The cells are small, flagellated and have a 
light slime layer. They do not produce endospores. Midget 
colonies only occasionally form secondary colonies, but with 
time they grow larger and become flattened and more opaque. 
Occasionally, yellow sectors appear in the primary colony ex- 
tending a millimeter or more inward from the margin and about 
the same size in width. These sectors, when plated, breed true, 
giving rise to the yellow strains to be described next. 

3. The yellow strain. Various dissociants of Bacillus mega- 
therium show a tendency to produce a yellow pigment. Colo- 
nies of these variants turn yellowish with age, or produce a yel- 
lowish secondary ring around the primary colony, or orange or 
lemon-yellow secondary colonies. Many times I have plated 
this pigmented growth, but no pigmented colonies were obtained. 
It is especially surprising to find frankly white, large, flat col- 
onies develop on a plate seeded from the beautiful little lemon or 
orange yellow secondaries. Pigment formation here seems not to 
have become yet a stable characteristic. The only stable yellow 
variant obtained came from the midget colonies as described 
above. Recently, a stable yellow variant was isolated from a 
culture grown in the sodium ricinoleate medium. All the colo- 
nies on the plate were yellowish, and several showed deep yellow 
sectors that proved to be stable. It is interesting to state that 
the mother colonies are in every respect identical with the midget 
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type. After various transformations in this medium of low sur- 
face tension in which the colonies were unusually white for mega- 
therium, without the slightest tendency to become yellow, finally 
there was obtained the midget type and with it came the yellow 
strain, with deep orange-yellow colonies. 

The cells of the orange yellow strain are slender and long, with 
a tendency toward the formation of filaments and long chains. 
They are flagellated, lightly capsulated, and do not form spores. 

When old, colonies of the original orange-yellow strain dis- 
solve away leaving white or yellow secondary colonies which, 
when plated, yield cream color and yellow colonies similar to the 
parent colony. Further dissociation has been recently observed 
into a more deeply orange strain, giving large, flat colonies which 
have little tendency to dissolve with age and do not produce 
secondary colonies. With age, colonies of this new variant have 
a tendency to become slightly mucoid, only a central circle dis- 
solves away, and here and there in the colony white, irregular 
patches are seen. These white patches breed true, giving pure 
white colonies similar in every respect but color to the parent 
colony. 

4. The budding strain. This strain is readily obtained from 
neutral or alkaline meat infusion broth. It has also been re- 
cently obtained from the waxy strain described below. The 
colony has a crystallin structure by transmitted light and its mar- 
gin may be circular or lobed. It gives the impression of a gelat- 
inous mass in which fine crystals are embedded. The cells are 
long and slender, with a tendency to filament and long chain 
formation, and very frequently show buds along the side or at 
the ends. The terminal buds may often be seen in pairs of chains 
of three or four, giving one the impression of conidia. The cells 
and terminal buds are flagellated and lightly capsulated. No 
spores are produced but, instead, a large number of arthrospores 
are formed. Colonies of this type are illustrated in figure 11. 

5. The wary strain. The waxy strain was obtained as a disso- 
ciant from alkaline meat-infusion broth. It forms perfectly round, 
raised, flat surfaced colonies which have a waxy appearance and 
consistence. The surface of the colony soon shows folds regularly 
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radiating from the center. A photograph of a colony of this 
type is given in figure 12. The cells are relatively short and form 
fascicles of chains embedded in a very tough sheath of capsular 
material which makes it very difficult to get a uniform suspension 
from the colonies. The liquid remains clear and growth is mainly 
in the bottom of the tube and in a ring on the surface. Although 
the cells are flagellated, the strain is non-motile because of the 
tough sheath in which the chains are embedded. No spores are 
produced. This waxy strain has been further dissociated in 
peptone nitrate solution, into a budding type similar to the type 
described above; into a slimy strain forming large colonies; and 
into a strain forming flat, perfectly transparent small colonies 
which may be seen with difficulty on the agar and which form 
secondary colonies to an excessive degree within twenty-four to 
forty-eighth ours. These transparent colonies become so well 
covered with the white, slimy profuse secondary growth, that the 
whole primary colony can no more be seen. The waxy strain is 
most interesting because of its ability to reduce nitrates to ni- 
trites, a character not found in the stock culture or other variants. 
The budding form obtained from this source also reduces nitrates, 
the only character by which it can be distinguished from the 
budding type described above. 


GENUINENESS OF THESE STRAINS 


Attention has been already called to the numerous pitfalls in 
an investigation of this kind. Contaminations in bacteriology 
make their appearance in a multiplicity of ways which sometimes 
baffle the investigator. Aside from the scientific findings which 
result from investigations similar to the present one, one gets an 
education, impossible to match in any other line of bacteriology, 
concerning the behavior of bacterial contaminants. In my 
experience, the most frequent contaminants are slow-growing 
organisms which form small, white, yellow, orange or red colonies. 
Whenever the petri dishes are soon discarded, such organisms 
pass unnoticed, but work of this kind gives them a chance to 
appear in most unexpected ways. More will be said about these 
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types in the section on filtration. Staphylococci come next in 
frequency, and next come aerobic spore formers. I have seen 
mixed colonies and others undistinguishable from secondary 
colonies which I consider as contaminants because the phenome- 
non could not be repeated. In every case the contaminant and 
the contaminated colonies were isolated in pure culture and 
attempts made to reproduce the phenomenon. Microcultures 
were also made and growth of the individual cells was observed. 
But in no case could I transform a typical, genuine staphylococcus 
or other “uncommon” bacteria into Bacillus megatherium or vice 
versa. 

The results reported here are those which are reproducible. 
The majority of forms was obtained from more than one source 
and repeatedly obtained from the primary source. I, therefore, 
feel reassured that the argument of contamination can not be in- 
voked to explain these findings. 

In spite of the radical variations observed in this work, all of 
the variants showed striking resemblance to the “‘typical’’ Bacil- 
lus megatherium in their cell structure and life habits in micro- 
cultures. 


STABILITY OF THE VARIANTS 


The variants described in this paper differ in their tendency to 
dissociate. This tendency is most pronounced in the mucoid 
form and least noticeable in the budding type. But ail of these 
variants are very stable, in the sense that a strain can always 
be recovered, although much of it would have dissociated into 
other forms. Petri dishes containing thick layers of meat-infu- 
sion agar were plated in July with the various strains, placed in 
, petri dish cans and left in the laboratory till February of the fol- 
lowing year. The plates were not yet dry, and the identical 
strains were recovered from various colonies. In view of these 
findings, it seems odd to adhere to the view that there are only 
two or three stable forms of each organism (Hadley, 1927). 
However, it has been the practice in this laboratory to replate 
once every two weeks or once a month. 
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RELATION TO “‘R” AND “‘s’’ FORMS 


So far, most of the modern work on dissociation has been done 
from the medical point of view. From that point of view, it is of 
practical importance to emphasize the “R” and ‘‘S” characters 
which have been found to be related to pathogenicity, and which 
determine the suitability of a culture for use in agglutination and 
other serological work. The biological point of view should be 
more general and much broader. 

In studying the colonies of the different dissociants encountered 
in the course of this work, including the ones described in this 
paper, one is led to believe that there is a variety of strains which 
grow in colonies of the smooth type, and a variety of strains which 
grow in colonies of the rough type. In meat-infusion broth, all 
of the strains grow at the surface where oxygen is more available. 
The waxy strain is no exception, although, because of the pecu- 
liar fasciculate arrangement of its chains, some sink to the bot- 
tom. In less reducing media, growth takes place throughout the 
tube, but best near the surface. Similar behavior may be ex- 
pected from other strict aerobes. With respect to motility, we 
have seen that all the strains are flagellated, although, on ac- 
count of its peculiar tough sheath, the waxy strain is not motile. 
The budding type gives colonies which are less regular in outline 
that the others, and yet the cells are especially long and actively 
motile. 

In other words, the present work gives no basis for the divi- 
sion of dissociants into rough and smooth as definite types pos- 
sessing definite biological characteristics. On the contrary, it 
shows that this distinction, applied as a general biological rule, 
is incorrect and should be restricted to the studied cases in 
which the notion of roughness and smoothness has been shown to 
correspond to certain important properties of the organism. 


UNUSUAL CELL FORMS 


Although the following cell forms have been occasionally ob- 
served in stock cultures and their subcultures, yet some of the 
above described variants may be characterized by profuse forma- 
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tion of a certain remarkable cell type. Because of this fact, it 
was very easy to study the origin and fate of these cellular forms. 
The most interesting are the following: 

Lateral and terminal buds. It has been already said that cells 
of the budding variant produced lateral and terminal buds with 
remarkable frequency. The formation of these buds has been 
observed in microculture, and it was found that lateral budding 
involves the extrusion of intracellular granules of the type that 
appears in the outer layer of the cytoplasm previous to spore 
formation. The granule moves slowly toward the cell membrane, 
the cell bulges at the point and forms a bud which contains the 
granule, and finally the bud is cut off from the mother cell. 
Lateral buds have never been seen to germinate. Several were 
isolated in a microdroplet and incubated for a week. Then they 
were rinsed with fresh portions of medium and incubated for 
another week and rinsing and incubation repeated for a third 
time. No change in these buds was observed. Such buds will 
be further studied. 

The terminal buds arise by a process of cell division, and often 
include a polar granule of the mother cell. As many as four in a 
chain have been seen. It seems that dissociation here affected 
in some way the location of cell division so that it could take place 
near the pole of the cell. These terminal buds are flagellated and 
actively motile. They do not seem to grow readily, for, out of 
many observed, one only was seen to swell, stretch and change 
into an ordinary cell which multiplied further. Figure 13 shows 
lateral and terminal buds and illustrates their origin and the 
germination of the latter. 

Arthrospores and microcysts. The budding variant does not 
form spores, but it forms an excessive number of the so-called 
arthrospores which arise by fragmentation of the cells which be- 
come more and more shiny, being filled up by material probably 
identical with that which fills up the spore. Only, here, the 
concentration of this material is less than in the spore. These 
arthrospores are also acid-fast to a degree intermediate between 
the spore and the vegetative cells. The arthrospores have usually 
most irregular forms, the plane of partition making frequently 
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very acute angles with the sides of the cell. Figure 14 shows a 
variety of arthrospores and the germination of some. 

The term microcyst is now applied to these resting forms pro- 
duced by the transformation of the entire single cell to a resistant 
cell. The walls are usually thick and the cell large and oval, 
resembling a yeast cell. Many cells fulfilling these qualifications 
are probably dead, or at least unable to grow, but many others 
have been observed to grow readily. A fair indication of the 
viability of a microcyst-like cell is the fact that viable cells have a 
relatively high refractive index, while dead cells have a relatively 
low -refractive index, nearly equal to that of the medium. As 
noted above, the germination and growth of these microcysts 
have been repeatedly observed. 

Club and drumstick forms. A variant not described above and 
readily obtained from normal and alkaline broth, is characterized 
by the profuse production of cells having club forms or drumstick 
forms. Sometimes the cell looks like a dumb-bell, one of the 
spheres of which has been removed. ‘The colony is translucent 
and contains many irregular, dense masses. These forms were 
found to be very actively motile and ready to grow. Figure 15 
shows the stages in the growth of these forms. 

Branching forms. Branching forms were very profusely formed 
by the yellow secondary colonies of otherwise ordinary, typical, 
sporulating colonies of Bacillus megatherium, obtained several 
times on direct plating of the stock culture. On plating the 
secondary colony, the mother colony is reproduced. These 
branching forms are illustrated in figure 16 which also shows the 
way in which they may grow, as observed in microcultures. 


TECHNIQUE OF MAKING MICROCULTURES 


In the preceding pages, frequent mention has been made of a 
microculture technique used in this work. This consists in 
depositing on the underside of a sterile cover-glass minute drop- 
lets of the proper bacterial suspension in a suitable medium, using 
micro-pipettes and a micro-manipulator. The technique of mak- 
ing the droplets is the same as that involved in one-cell isolation. 
The cover-glass is then inverted over the well of a glass slide simi- 
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lar to that used to make hanging drops. The cover-glass is then 
sealed with “vaspar’’ (a mixture of equal parts of paraffine and 
vaseline) by means of asmall brush. The droplets may be placed 
in rows inside of a square drawn in the middle of the cover-glass by 
means of a diamond pencil. Sometimes an ordinary wax pencil 
willdo. It has been my custom to deposit six rows of five droplets 
each. The well of the slide contains a droplet of the same me- 
dium used for the suspension to supply the proper moisture. 

Immediately, a map is made of the whole preparation showing 
in detail the cellular elements in it, and the microculture is la- 
belled and placed in a petri dish which prevents abrupt changes in 
temperature. Abrupt cooling instantaneously floods the drop- 
lets, and abrupt warming dries them up. The beginner will find 
difficulty at first, but with a little experience, one will know 
exactly how to handle the microculture with safety. 

The precautions mentioned apply for microcultures incubated 
and examined at the same temperature or nearly so. Greater 
precautions and certain changes must be made when the tempera- 
ture of incubation is different from that at which examination is 
made. 

The droplets can be made as small or as large as one wants for 
a particular purpose. They can be examined with any objective, 
including the oil immersion. 

The microculture can also be taken apart and put together as 
often as needed. That is why I never made one-cell isolations in 
the ordinary way. It saves a great deal of trouble and danger of 
no-growth or contamination if one allows the single cells to grow 
in their respective droplets before they are transferred, preferably 
into a petri dish. 


FILTRATION EXPERIMENTS 


Numerous attempts have been made in the course of this work 
to test the filtrability of Bacillus megatherium. Young and old 
cultures of the normal and budding types in neutral and alkaline 
meat infusion broth and from lithium chloride broth were filtered 
with V, N, and W. Berkefeld filters, care being taken that the 
vacuum in the suction flask did not exceed 125 mm. The pro- 
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cedure was to distribute the filtrate in 10 ec. portions in sterile 
test tubes. Some tubes were planted on neutral meat infusion 
agar in petri dishes immediately, other tubes were incubated at 
37°C. from one to three weeks before they were planted on the 
same medium, while still other tubes were incubated at 37°C. 
and then sealed and kept under observation. 

Similar filtrations and plantings were made from cultures 
lysed with a megatherium bacteriophage kindly furnished by 
Mrs. Pauline Stark of this Department. Various filtrates were 
obtained from cultures exposed to the bacteriophage action when 
at different degrees of ‘‘virulence.”’ 

In all cases the first petri dish culture made by placing 0.5 cc. 
of the filtrate on the surface of the agar was serially transplanted 
by the technique of Hauduroy (1929). In all cases I was able 
to reproduce the Hauduroy phenomenon of dulling the agar sur- 
face and the appearance of minute, white, dense colonies. This 
phenomenon sometimes appeared at about the twentieth serial 
transfer, at other times at the sixth serial transfer. On further 
transfers, the size of the colonies increased, growth became more 
vigorous, and most often a tendency to produce yellow or orange 
pigments became evident. The cells of these colonies were in- 
variably short, dense rods, having a tendency to lie in palisade- 
like formation. Some of the rods were so short as to be called 
cocci in pairs or short chains. This is primarily a peculiarity in 
the growth of these organisms. 

In order to eliminate the possibility of contamination a series of 
platings with Hauduroy’s technique was made of sterile broth 
filtrate heated for five minutes in flowing steam (in a test tube), 
and normal bacteriophage filtrate. In all cases the Hauduroy’s 
phenomenon was reproduced at the sixth to the tenth plating. 
Going back to previous plates, it was found that, on further 
incubation, the same kind of colonies had developed on the three 
plates immediately preceding the one on which the phenomenon 
was observed after twenty-four hours. 

It is, therefore, evident that what I obtained represented con- 
tamination with very slowly growing organisms which develop 
colonies difficult to see after a twenty-four-hour incubation. 
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When the plate is rinsed and transferred and the process repeated 
again, the organisms grow more vigorously and form observable 
colonies after twenty-four hours. 

It may be added that one-year-old filtrates of cultures with and 
without action of bacteriophage in sealed tubes are still perfectly 
clear and show no evidences of growth as described by Hauduroy, 
nor of growth on the first plate when transferred to meat infusion 
agar. 

Over forty filtrations were made during this series of experi- 
ments. 


A VIEW OF DISSOCIATION 


The experimental findings reported in this paper and which 
have a bearing on the question of dissociation may be summarized 
as follows: 

Bacillus megatherium may be split into a variety of stable strains 
of diversified colony form, size, color, ete. The cellular elements 
of these colonies also have varied characteristics. Some of the 
strains are also endowed with different physiological properties, 
for instance some are able to reduce nitrates to nitrites, while 
others do not; some ferment certain substances and grow in cer- 
tain synthetic media, while others do not. Further work is in 
progress on the physiological properties of the variants. 

Each characteristic is gained or lost independently. For in- 
stance, the budding strains obtained from different sources, al- 
though morphologically identical, may be different in other char- 
acteristics, like nitrate reduction. Strains producing the same 
pigment may be quite different in other characteristics, and a non- 
pigmented strain derived from a pigmented one may be identical 
in other respects, as in the other characteristics of the colonies and 
the nature of their cellular elements. It is interesting to note 
that three different strains producing yellow pigment have been 
secured. 

From these observations one is led to believe that an organism 
dissociates with respect to any particular character. In this re- 
spect dissociation is similar to mutation in higher plants and can 
be compared to it in frequency. 
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The conception of mutation does not necessarily involve the 
presence of a nucleus, although the presence of such an organ is 
nearly certain in some bacteria. In higher organisms, cytoplas- 
mic mutations are recognized in which the nucleus does not seem 
to play a réle. 

These investigations furnish evidence against the existence of a 
life cycle, because of the fact that apparently identical morpho- 
logical forms possess different physiological characteristics, and 
because of the multiplicity of morphological forms differing from 
one another to a very slight extent. Observation of thousands 
of -microcultures covering a large number of variants failed to 
reveal any microscopic evidence of the presence of sex in Bacillus 
megatherium. 

There is, however, one observation in which others may see 
evidence in favor of a life cycle. It is the regular sequence which 
has been shown to exist in certain forms. In the author’s esti- 
mation, this conclusion is not necessary, nor justifiable, in view of 
the fact that in other instances, no sequence has been found. A 
sequence may be explained on the logical assumption that the 
various forms change more readily in a given direction. 


DISSOCIATION PHENOMENA IN MICROORGANISMS HIGHER THAN 
BACTERIA 


It is very illuminating to know that phenomena similar to dis- 
sociation have been observed in yeasts and molds, organisms the 
life cycle of which we know. 

In the author’s collection of various fungi, there are several 
cultures which have lost the power of forming asexual spores. 
Dissociation phenomena in the ringworm fungi are too well 
known to be described in this paper. 

Among the yeasts, we have sporogenic and asporogenic varie- 
ties, top and bottom varieties, etc. 

In the above examples and in numerous similar examples, no 
one would think of attributing the dissociative phenomena to 
the life cycle. 
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DISSOCIATION AND TAXONOMY 


It goes without saying that the facts of dissociation must have a 
paramount influence on our ideas about classification. Every 
bacteriologist has had some experience with the so-called inter- 
mediate forms which fit nowhere in the system of nomenclature. 
The bacteriological literature is full of species differing from each 
other by a single sugar fermentation, or even by a difference in the 
vigor with which they ferment a certain sugar. In this work on 
B. megatherium, of all the morphologic criteria studied, the pres- 
ence of flagella seems to be the only constant character. And of 
the several physiological criteria investigated, aerobiosis seems to 
be the most constant. Many bacteriologists would make as 
many species of the variants described above, and of others not 
described, if the source of the stains was unknown. 

The remedy for this difficult situation which naturally suggests 
itself is to study and map all the possible variants of each species. 
This would undoubtedly result in the elimination of many names 
and, instead of complicating taxonomy, it will tend to simplify it. 
If each character varies independently, as the present investiga- 
tion tends to show, we may expect a long list of variants, as many 
as there are characters or, more conservatively, as many as there 
are variable characters. The task is like that of drawing the 
family tree of organisms. It is of paramount importance for the 
education of the biologist, but is not necessary for the recogni- 
tion of a given form and the utilization of its properties. Yet 
the facts learned from the study of variability should discourage 
the multiplication of names at the slightest opportunity, and 
should reduce the worries of those who can not find in the hand- 
books on taxonomy the exact description of their newly discovered 
strain. 


SUMMARY 


The colony of Bacillus megatherium undergoes cyclic changes in 
its normal development and produces secondary growth which, 
usually, reproduces the parent colony. Concentric rings may be 
produced in the colony on alternate exposure to a colder tem- 
perature. 
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PLATE 1 

Fia. 1. Colonies unexposed to light or temperature changes. Photographed 
with reflected light. 

Fic. 2. Colonies, unexposed to light, but exposed once to temperature change. 
Photographed with transmitted light. 

Fia. 3. Colonies, unexposed to light, but exposed to temperature changes 
twice. Photographed with transmitted light. 

Fia. 4, Colonies exposed to light and temperature changes three times. 

Fics. 5 anp 6. Two types of colonies most frequently found in stock cultures. 

Fig. 7. Colonies of the mucoid type showing white streaks and colonies of the 
midget type. Forty-eight hours old. Photographed with transmitted light. 

Fig. 8. A cell of the mucoid type showing capsule and flagella. 

Fia. 9. Colonies of the midget type. Twenty-four hours old, with transmitted 
light. 

Fia. 10. Colonies of the midget type. Forty-eight hours old, with transmitted 
light. 

Fia. 11. Colonies of the budding type. Forty-eight hoursold. Photographed 
with transmitted light. 

Fig. 12. Colonies of the waxy type. Forty-eight hours old. Photographed 
with transmitted light. 

Fig. 13. A drawing of terminal and lateral buds and their mode of formation. 
Germination of a terminal bud is illustrated. 

Fig, 14, Arthrospores and arthrospore germination. A drawing. 

Fig. 15. Club and drumstick forms and their growth. A drawing. 

Fig. 16. Branching forms and their growth. A drawing. 

Fic. 17. Two week-old colonies showing secondary growth. The secondary 
colonies are very well developed. Photographed with reflected light. 

Fig. 18. Two week-old colonies showing secondary growth mainly in the forms 
of concentric zones. Secondary colonies very minute. Photographed with re- 
flected light. 
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Bacillus megatherium stock cultures contain more than one type, 
and various strains may be obtained by aging normal cultures 
and colonies, or by growing the organism under various conditions. 

Several interesting strains are described, all of which are non- 
sporulating, and a tendency to the formation of a given strain 
from another has been observed. However, strains morphologi- 
cally indistinguishable have been obtained from different sources 
and may then possess different physiological properties. 

Various strains are characterized by special cellular elements: 
branching, club formations, budding, ete., and by special cultural 
and physiological properties. 

Germination of terminal buds, arthrospores, microcysts, 
branching forms and drumstick forms has been observed in micro- 
cultures. 

The technique of making microcultures is described. 

The bearing of dissociation phenomena on taxonomy of bacteria 
is discussed. 

This work tends to support some form of a mutation theory as 
the cause of dissociation, rather than the life cycle concept ad- 
vanced by certain investigators. 
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